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ABSTRACT

Seabirds encounter a range of natural and anthropogenic stressors in the nearshore
environment and are ideal candidate species for long-term monitoring of changes to
coastal systems. The mitigation of threats to nearshore seabirds requires management of
essential coastal habitat and monitoring population health and trends. In this dissertation,
I first evaluated intertidal habitat use for a suite of coastal species as it relates to
management practices at a seabird nesting island in South Carolina. Specifically, my
objectives were (1) to determine intertidal areas of high bird abundance, (2) to examine
course-scale habitat characteristics and human use of intertidal areas associated with bird
use, and (3) to investigate how bird behavior varies over time and space. Secondly, I
report on health assessments of a wild population of Brown Pelicans sampled during
early chick development at colonies in South Carolina and Georgia. My objectives were
to establish baseline data for health parameters, compare values to existing data, and
evaluate the effect of geographic and individual attributes, including parasitism. Finally, I
assessed the risk of mercury exposure to two nearshore seabird species from two regions
in the southeastern U.S. To further explore differences among species and regions and to
elucidate the role of diet in mercury accumulation, I employed the use of stable carbon
and nitrogen isotopes as indicators of foraging ecology. With this dissertation, I (1)
demonstrated that intertidal areas are a significant component of seabird habitat during
the breeding season, (2) provided a comprehensive review of baseline health data for
Brown Pelican nestlings, and (3) documented differential mercury risks to Brown
Pelicans and Black Skimmers in two regions in the southeastern U.S. Surveys of
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intertidal areas clearly demonstrate that habitat use on seabird nesting islands during the
breeding season is not constrained to the location of the nest site. Management decisions
for seabirds therefore need to be guided by the recognition that seabird nesting islands
support a diverse suite of essential behaviors that occur both within and outside of the
colony boundaries including but not limited to nesting, loafing, and chick-rearing.
Assessments of the health and mercury concentrations in Brown Pelicans and Black
Skimmers demonstrate that factors including parasitism, contaminant exposure, diet, and
location influence health and condition of focal nearshore species in ways that are not
otherwise apparent and illustrate the value of monitoring programs for investigating
mechanisms underlying population trends. Conservation of seabirds is a priority in the
southeastern U.S., and continued enhancement of habitat protection and population
monitoring in the region are warranted to address this goal.
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CHAPTER ONE
INTRODUCTION

Seabirds encounter a range of natural and anthropogenic stressors that converge
and concentrate along our coasts (Suchanek 1994, DeLuca et al. 2008, Defeo et al. 2009).
Threats to seabirds include coastal development, human disturbance, contaminant
exposure, disease, predation, fisheries declines, global climate change and associated
effects, and energy development. For example, anthropogenic stressors such as
pesticides, heavy metals, and can increase the susceptibility of birds to disease and may
have long-term consequences to exposed populations (Briggs et al. 1997, Seiser et al.
2000). Habitat management and population monitoring are critical tools for mitigating
these threats to seabirds and maintaining healthy coastal ecosystems (Hunter et al. 2006,
Acevedo-Whitehouse and Duffus 2009).
Given the competing interests of human-wildlife use along the coast, management
of seabirds often requires the prioritization of protected areas based on abundance,
richness, and frequency of use for seabirds at lands that are available for protection.
Determining how species utilize coastal habitat during critical life stages and the presence
and effects of threats within selected habitat are important steps in the process of species
protection. For example, coastal islands with sandy beaches, such as those found along
the southeastern Atlantic coast of the U.S., provide intertidal habitat for large
aggregations of mixed species to use throughout the year. Anthropogenic use of intertidal
areas may influence breeding habitat quality and may play a role in habitat selection for
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seabirds at multiple scales (Meager et al. 2012), but is rarely protected. Identifying
important areas of use in intertidal areas can thus assist resource managers in selecting
locations to target for protection to promote species conservation.

Monitoring seabirds in the nearshore environment
Seabirds are ideal candidate species for long-term monitoring of changes to
coastal systems (Mallory et al. 2010). In general, nearshore seabirds have relatively long
life spans, are positioned as top-consumers, breed in dense colonies, and have gregarious
tendencies throughout the year. These characteristics place seabirds at greater risk to
population declines from disease, exposure to harmful levels of contaminants, food
shortages, and habitat loss. From a practical perspective, seabirds are generally wellstudied and can be relatively easy to sample for various tissues and biological endpoints
of interest (Kushlan 1993, Burger and Gochfeld 2004, Mallory et al. 2010). Colonies
allow for the sampling of a large number of individuals necessary to robustly assess the
effect of local conditions on breeding adults and their young and determine populationlevel threats (Kushlan 1993, Burger and Gochfeld 2004). Moreover, sites typically
support colonies of breeding birds in successive years over long durations, providing
ideal conditions for the development and implementation of monitoring programs to track
site-specific changes in bird health and environmental conditions. Surveillance of
nearshore seabirds provides a means to assess the health and condition of populations of
conservation concern as ecological conditions change with natural perturbations and
anthropogenic factors (Burger and Gochfeld 2004, Evers et al. 2008, Mallory et al. 2010).
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Wildlife health assessments and contaminant monitoring are valuable conservation tools
(Deem et al. 2001) for assessing the role of disease and toxins in regulating population
dynamics, and for identifying populations and habitats most at-risk to detrimental effects
(Kushlan 1993, Evers et al. 2008, Acevedo-Whitehouse and Duffus 2009).
Two important nearshore species that are of conservation concern in the
southeastern U.S. and are useful indicators of coastal systems are the Brown Pelican
(Pelecanus occidentalis) and Black Skimmer (Rynchops niger). Both species are
piscivorous and nest colonially. Brown Pelicans typically nest on the ground or in shrubs
or trees while Black Skimmers most often select open, sandy beach habitat for nesting. In
the southeastern U.S. the breeding season for Brown Pelicans extends from April through
August and, for Black Skimmers, from May through August. Both species can be found
in southeastern states during the breeding and non-breeding seasons. They can be found
in groups throughout the annual cycle though migration patterns vary within and among
breeding populations (Gochfeld and Burger 1994, Shields 2002).
Brown Pelicans are one of the most conspicuous and easily identified avian
species and are strongly associated with coastal systems along all three coasts of the
continental U.S. As a high trophic-level consumer with clearly documented sensitivity to
contaminants and environmental change, the Brown Pelican makes an ideal indicator
species of coastal ecosystem health that, when monitored appropriately, can reveal
anthropogenic and natural changes in the environment, both subtle and catastrophic.
Recent recovery of the species from its endangered status (USFWS 2009) demonstrates
the susceptibility of Brown Pelicans to natural and anthropogenic stressors, notably
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contaminants, disease, human disturbance, and reduced prey availability (Anderson et
al.1982, Anderson 1988, Blus 1982, Wilkinson et al. 1994), and the ability of the
population to rebound to sustainable numbers when stressors are alleviated (Holm et al.
2003).
Black Skimmers are another widely-distributed coastal species, with U.S.
breeding populations in states ranging from Massachusetts to Texas and in California.
Regionally the species is regarded with special conservation concern (Hunter et al. 2006),
and breeding populations are particularly sensitive during the breeding season to loss and
disturbance of the sandy beach habitat where they typically nest. Several studies have
also documented that the species is at greater risk to environmental contaminants (King
and Cromartie 1986, Burger and Gochfeld 1997, Burger 2002).

Summary of dissertation content
This dissertation addresses the themes of managing and monitoring seabird
populations along the southeastern coast of the U.S. in three primary chapters (Chapters
Two, Three, and Four), followed by a summary chapter (Chapter Five). I evaluate
intertidal habitat use during the breeding season for a suite of coastal species as it relates
to management practices and devote two chapters to the assessment of health and
contaminant exposure for the selected focal species at different life stages. Detailed
objectives for each of the primary chapters follow.
In Chapter Two, I examine the issues of habitat use and protection for coastal
birds with a detailed assessment of bird use and distribution in unprotected intertidal
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areas during the breeding season. Specifically, my objectives are to (1) determine
intertidal areas of high bird abundance throughout the breeding season for prioritization
in management decisions, (2) examine habitat characteristics and human use of intertidal
areas associated with bird use that would allow managers to adapt protected areas for
long-term management, and (3) investigate how behavior varies over time and space
within intertidal areas to explore how intertidal areas are used during the seabird breeding
season. I approached the study by focusing on easily identifiable habitat characteristics
with an ecological basis that could be readily measured by managers and applied to the
implementation of protected areas in a manner adaptive to change in habitat use and
structure. The study was conducted on Deveaux Bank in South Carolina, and includes the
entire suite of coastal bird species occupying the study areas. Human disturbance was
identified as one of the greatest challenges faced by colonial nesting birds in South
Carolina and habitat protection has been outlined as a priority action for protecting these
species (Kohlsaat et al. 2005).
In Chapter Three, I provide an evaluation of health parameters for a wild
population of Brown Pelicans sampled during early chick development at two colonies in
South Carolina (Marsh Island and Crab Bank) and one colony in Georgia (Egg Island
Bar). My primary objectives are to establish baseline data for hematological,
biochemical, and serological values of pre-fledged young that are unrepresented in the
current literature. I also aim to enhance the existing but sparse literature on the health of
wild populations of Brown Pelicans by comparing my result with those from previously
studied populations (Wolf et al. 1985, Zaias et al. 2000). A secondary objective is to
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evaluate the effect of geographic and individual attributes on variability in health
parameters common to wild populations. I include the effect of a potential natural stressor
known to exist at pelican colonies, infestation by the soft tick Carios capensis (Eggert
and Jodice 2008; Eggert et al. 2010), in these assessments.
In Chapter Four, I assess the risk of mercury exposure to two nearshore seabird
species (Brown Pelicans and Black Skimmers) from two coastal regions in the southeast
U.S. (Gulf of Mexico and Atlantic Ocean). Mercury is a harmful environmental
contaminant that can impair health, behavior, and reproductive success at elevated levels
and can chronically stress individuals at low levels (Wolfe et al. 1998, Scheuhammer et
al. 2007). Nearshore seabirds are at particular risk to adverse effects of mercury due its
biomagnification and bioaccumulation properties (Furness and Camphuysen 1997), and
due to year-round exposure in coastal habitats, where mercury contamination and
methylation rates are high (Fitzgerald et al. 2007, Hall et al. 2008, Chen et al. 2009). I
evaluate the effects of a suite of factors to explain potential variation in mercury
concentrations, including capture date, age class, and body mass. To further explore
differences among species and regions and elucidate the role of diet in mercury
accumulation, I employ the use of stable carbon and nitrogen isotopes as indicators of
foraging ecology. The identification of regions and habitats with high concentrations of
methylmercury and the delineation of mercury cycling and transfer within various habitat
types are critical for evaluating threats to wildlife populations.
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CHAPTER TWO
CAN MANAGEMENT DECISIONS FOR BREEDING SEABIRDS BE BASED
ON SIMPLE HABITAT STRUCTURE? A CASE STUDY FROM
A SEABIRD ISLAND IN SOUTH CAROLINA

Introduction
Spatial and temporal patterns of intertidal use have been investigated in several
shorebird species in relation to habitat characteristics (e.g. Rogers et al. 2006, Yasué
2006, Neuman et al. 2008) but few studies have quantified use patterns and behavior in
seabirds (but see Cornelius et al. 2001, Lafferty 2001, Foster et al. 2009). For example,
estuarine and coastal islands with sandy beaches, such as those found along the
southeastern Atlantic coast of the U.S., provide important habitat for seabirds below the
high tide line where large aggregations of mixed species can be found throughout the
year. During the breeding season intertidal areas provide seabirds habitat for activities
important for reproductive success, including rest, courtship, and chick rearing (Taylor
1979, Buckley and Buckley 2002, Visser et al. 2005). Local- and landscape-scale
characteristics of the intertidal habitat can attract or deter species from using an island for
nesting even though nests do not occur within the intertidal zone. For instance, species
may prefer nesting on islands with wide intertidal areas (Visser et al. 2005) and hence
characteristics not associated with the actual nesting area require consideration for
management of these species.
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While not typically considered as a habitat characteristic, anthropogenic
disturbance in these intertidal areas may also play a role in habitat selection for seabirds.
Where public-wildlife use conflicts occur in intertidal areas, birds may experience a cost
if behavior is disrupted (Rogers and Smith 1995), if distribution and abundance are
modified (Cornelius et al. 2001, Lafferty et al. 2006, Foster et al. 2009), or if unnecessary
increases in energetic expenditure occur (Grémillet et al. 1995, Regel and Putz 1997).
Human-induced stressors can contribute to reduced reproductive success (Anderson and
Keith 1980, Safina and Burger 1983, Beale and Monaghan 2004) and ultimately may
cause seabirds to abandon traditional colony sites or nesting islands (Erwin 1980).
Habitat characteristics and the intensity of human use of intertidal areas thus influence
breeding habitat quality and may play a role in habitat selection for seabirds at multiple
scales (Meager et al. 2012).
Despite the shifting nature of coastal systems and the effect of human activity in
these systems, patterns of seabird habitat use can be identified when investigated at the
appropriate spatial and temporal scales (Henson et al. 2004). Together, factors including
environmental conditions, anthropomorphic disturbances, and local- and landscape-scale
habitat characteristics can explain and even predict habitat use at the species level
(Hayward et al. 2009, Meager et al. 2012). Resource managers can incorporate such
factors into models to identify areas for protection for a particular species. Practical
limitations, however, restrict the degree to which these factors can be measured for
management-making decisions. For example, estuarine and coastal islands tend to be
visited infrequently by managers and their dynamic habitat can vary considerably within
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and among islands and over time thus making detailed measurements of habitat variables
challenging and impractical.
In this study, I examined intertidal habitat use of birds on seabird nesting islands
with the objective of using coarse-scale habitat measures to inform management
decisions. I focused on intertidal bird use during the seabird breeding season, when
conflicts with human use of intertidal areas are most likely to occur. Furthermore,
because seabirds have an extended breeding season that may last six months in the
southeastern U.S., the opportunity for displacement due to human disturbance is also
extended and even late-season disturbances can lead to failed breeding efforts (Carney
and Sydeman 1999). I also sought to identify spatial patterns of bird use and associated
habitat characteristics that could be applied to management decisions aimed at protecting
breeding habitat for seabirds on nesting islands under varying intensities of human use.
Specifically, my objectives were to (1) determine intertidal areas of high bird use
throughout the breeding season for prioritization in management actions to restrict human
use (i.e. establish protected areas), (2) examine habitat characteristics and human use of
intertidal areas associated with bird use that would allow managers to adapt the
management of protected areas over the long term, and (3) investigate how behavior
varies over time and space within intertidal areas to explore how intertidal areas are used
during the seabird breeding season. I focused on easily identifiable habitat characteristics
with an ecological basis that could be readily measured by managers and applied to the
implementation of protected areas in a manner adaptive to change in habitat use and
structure. These coarsely-measured habitat characteristics would especially benefit the
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selection of protected areas at islands that receive infrequent or limited visits by seabird
managers. Furthermore, in situations where seabird managers seek to close portions of an
island to enhance protection, such data may provide a tool to classify closed and open
areas.

Methods
Study area
The seabird nesting island selected for this study was Deveaux Bank Heritage
Preserve (32.5485°, -80.17833°), hereafter Deveaux Bank, a 87 ha naturally-occurring
island that lies along the coast of South Carolina. The island is comprised primarily of
coastal dune habitat, low vegetation, salt water marsh areas, and approximately 4.5 linear
km of sandy beach. Deveaux Bank lies approximately 1 km off the contiguous coastline
of South Carolina in the mouth of the North Edisto River in Charleston County. The
island is a popular location for fishing, recreation, and ecotours.
Deveaux Bank has traditionally been an important location for nesting seabirds in
the southeastern U.S. The island has previously hosted some of the largest Brown
Pelican (Pelecanus occidentalis), Royal Tern (Thalasseus maxima), Sandwich Tern
(Thalasseus sandvicensis), Gull-billed Tern (Gelochelidon nilotica), and Black Skimmer
(Rynchops niger) colonies in the state, in addition to a large number of Laughing Gull
(Larus atricilla) nests, but has experienced a decline in nest numbers in recent years
(Jodice et al. 2007, South Carolina Department of Natural Resources (SCDNR),
unpublished data). During the two years of this study, nest numbers for Brown Pelicans
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were higher, nest numbers for Royal and Sandwich Terns were lower, and nest numbers
for Gull-billed Tern and Black Skimmer were similar compared to previous years
(SCDNR, unpublished data; Figure 2.1). Laughing Gull nests have not been counted at
Deveaux Bank in recent years but the number of nests is substantial (i.e. in the
thousands). Other waterbirds breeding on the island during this study included several
shorebird species (Wilson’s Plover, Charadrius wilsonia; American Oystercatcher,
Haematopus palliates; Black-necked Stilt, Himantopus mexicanus; Willet, Tringa
semipalmata) and wading bird species (Snowy Egret, Egretta thula; Tri-colored Heron,
Egretta tricolor; Glossy Ibis, Plegadis falcinellus; Black-crowned Night-heron,
Nycticorax nycticorax).
Deveaux Bank was designated a Seabird Sanctuary by SCDNR in 2006. At that
time protection of Deveaux Bank was enhanced to prohibit dogs and restrict visitor use to
areas designated for recreation. All lands below mean high tide remain accessible to the
public year-round as demarcated by signs posted annually during the breeding season
(Figure 2.2). The effect of visitor disturbance on breeding and non-breeding birds at
Deveaux Bank is a concern of biologists with state and federal agencies.
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Figure 2.1. Nest counts of seabirds on Deveaux Bank, South Carolina from 1989 – 2008.
BPRE = Brown Pelican, RTST = Royal and Sandwich Tern, BSGB = Black Skimmer
and Gull-billed Tern. Survey years are shaded gray.

Intertidal bird surveys
Surveys were conducted from May through October 2007 and 2008 during
morning (0700-1100) low tides (± approx 1.5 hr, and in all cases were completed within
3.5 hrs). I scheduled surveys during morning hours, when human visitation tends to be
lower compared to afternoon hours, so that surveys would reveal patterns of intertidal
bird use minimally impacted by disturbance. One survey was conducted during each tidal
cycle (i.e., every fortnight (FN)), weather and conditions permitting. Survey plots (N =
21; Figure 2.2) were delineated in May of each year and systematically spaced at 200 m
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intervals around the perimeter of the island. The location of plots was retained between
years to the extent possible given interannual changes in island configuration. Plots were
approximately 100 m in length along the linear beach and varied naturally with the width
of the beach from waterline to the upper beach. The high-tide boundary of plots was
marked with handheld GPS (Garmin GPSmap 76, GPS 76) and survey flags at the
midpoint and endpoints. The perpendicular boundaries of the plot were visually estimated
during each survey.
Surveys were conducted by two biologists working independently, who took care
to walk slowly between plots and select a path that caused the least amount of disruption
to birds. Upon arriving at a plot, researchers waited a short time to allow birds to
acclimate to their presence before starting the count. All birds in the plot were
enumerated by species and age class (adult, hatch-year) using binoculars and spotting
scopes for a minimum of 5 min. When each bird was recorded its location was
categorized as: water’s edge (submerged sand), lower beach (wet sand area), mid beach
(moist sand area), or upper beach (dry sand area; after McLachlan and Brown 2006).
Behavior of each individual was also recorded and categorized (Table 2.1). Detectability
was assumed to be 100% due to the open nature of the beach and conspicuousness of the
species being surveyed. Counts included birds that flew or walked into plots during the
survey, but did not include birds flying over the plot. Similarly, birds that moved from
one plot to another were counted in both plots; therefore counts reflect bird abundance
relative to each plot rather than for the entire island.
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Figure 2.2. Approximate location of survey plots, seabird colonies, and water features on
Deveaux Bank, South Carolina, 2007 and 2008. Features documented in 2007 are in dark
gray and in 2008 are in black. BRPE = Brown Pelican, LAGU = Laughing Gull, RTST =
Royal and Sandwich Terns, BSGB = Black Skimmer and Gull-billed Tern.
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Table 2.1. Description of behaviors for birds observed during intertidal surveys of Deveaux Bank, South Carolina, 2007-2008.
Behavior

Categories

Examples of observed behavior

Beg

Chick display of begging (posture, vocalization), adult interaction with begging chick

Forage

Foraging in sand or water

Feed

Chick fed by adult, adult feeding chick

Drink

Drinking in water's edge or water feature in plot

Feeding

Resting

Loaf/Roost Standing still, bill tucked under wing, resting on ground
Bath

Bathing in water's edge or water feature in plot
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Maintenance Preen

Locomotion

Social

Self-maintenance

Stretch

Flap or stretch wings

Walk

Walk, run in plot

Fly in/out

Landing in or departing plot (not bird flying over plot)

Swim

Swimming at water's edge or water feature in plot

Social

Chase, aggression, copulation, display (e.g. with fish)

Habitat characteristics
For each plot, I measured habitat characteristics at a plot scale and landscape
scale. At the plot scale, I recorded beach slope, beach width, dominant substrate, and
human use of the intertidal area. The slope and width of each plot were measured using a
clinometer (Suunto PM-5/360) and handheld GPS, respectively. Substrate was
categorized but lacked enough variability among plots at the scale measured to evaluate
the effect substrate might have on habitat use. Sand was the dominant substrate and was
present in all plots; areas of mud substrate occurred to a lesser degree. To account for the
level of human disturbance, researchers recorded presence and signs of people and dogs
(e.g. footprints) in plots during each survey. For each year, human use was indexed as the
proportion of surveys within which observations of human use were observed in each
plot. I considered human use to be a plot-scale variable because human disturbance
operates primarily at the local level (Schlesinger et al. 2008).
Landscape-scale factors were evaluated as presence or absence of dunes or
sandbars adjacent to the plot and distance from each plot to a standing water feature or a
seabird colony (Figure 2.2). Distance features were based on the minimum distance
between centroids of each plot and centroids of seabird colonies and water features.

Data analysis
I examined the temporal and spatial relationships of bird use separately for each
of five focal groups that together accounted for over 90% of birds counted in each
survey: Brown Pelican (BRPE), Laughing Gull (LAGU), Royal and Sandwich Terns

19

(RTST), Black Skimmers and Gull-billed Terns (BSGB), and shorebirds (SHORE).
Seabird species that nested in mixed colonies were combined due to low representation in
our surveys. The shorebird group included breeding and non-breeding species (Table
2.2).
I assessed birds use in relation to temporal and spatial factors and incidence of
bird behavior in relation to habitat characteristics. Data were analyzed in SAS 9.2 (SAS
Institute, Inc., Cary, NC, 2008) using the Glimmix procedure. Glimmix iteratively fits
generalized linear mixed models to normally and non-normally distributed data, and
allows for the inclusion of random effects. I used a backward elimination process to
remove interactions with P > 0.10 until arriving at the final model containing all
explanatory variables and significant interactions. Data are presented as mean ± SE.
Three models were run for each species group to examine use patterns: a survey
model to examine temporal relationships within and between years, and two spatial
models that incorporated plot- and landscape-scale factors separately. I fit each model
using a Poisson distribution and log link function. In all models the dependent variable
(bird count) was offset by the plot area (log transformed) to account for natural variation
in beach width among plots. All models employed Kenward-Roger method for degrees of
freedom approximations. A first-order autoregressive covariance structure was applied to
plot- and landscape-scale models to account for spatial correlation of plots along the
linear circumference of the island. A multiplicative overdispersion parameter was
included in models when appropriate (SAS Institute, Inc. 2011).
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The survey model consisted of year and fortnight as fixed effects and the
interaction term of plot * year as a random effect. The plot model included slope, human
use, and the interaction term of slope * human use. Factors included in the landscape
model included presence of dunes, presence of sandbars, distance to standing water
feature, distance to colony (for BRPE, RTST, and BSGB), and two-way interaction terms
(but not dune * sandbar and distance_colony * distance_water due to sample size
limitations). Plot was included as the random effect in the plot and landscape models.
Behavior models examined the effect of plot-scale characteristics on the odds that
birds were engaged in each of the two most prominent behaviors for each species group. I
used Glimmix to run logistic models with the occurrence of a behavior as the response
variable and plot as a random variable. I included plot area as an offset in these models
since plot size could have an indirect effect on the number, and thus behavior, of birds
within. Models were run separately for each species group-behavior combination. Only
plots where species groups occurred were retained in the data for analysis.

Results
I conducted 17 surveys from May through October (2007: n = 8 surveys, 2008: n
= 9 surveys). Surveys were conducted 13 May 2008 (FN 1), 26 May 2007 and 28 May
2008 (FN 2), 7 June 2007 and 9 June 2008 (FN 3), 21 June 2007 and 27 June 2008 (FN
4), 7 July 2007 and 10 July 2008 (FN 5), 23 July 2007 and 25 July 2008 (FN 6), 6 August
2007 and 10 August 2008 (FN 7), 23 August 2007 and 24 August 2008 (FN 8), 5
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September 2007 (FN 9), and 8 October 2008 (FN 11). No surveys were conducted during
FN 10.
During surveys, I counted 3,203 birds in 2007 and 5,839 birds in 2008 in survey
plots. Altogether, 30 species were counted including ten species that nested on Deveaux
Bank during the study. Detailed information on species presence during surveys can be
found in Table 2.2. Other species observed in intertidal areas during surveys but not
included in this list (i.e. did not occur in survey plots) include Sooty Tern (breeding adult;
Onychoprion fuscta), Caspian Tern (adult with hatch year; Hydroprogne caspia), and
Snowy Egret (hatch year). Of the species groups examined, BRPE, RTST, and LAGU
nested successfully in both study years while BSGB nested each year but was only
successful in 2008.
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Table 2.2. Number of birds counted during intertidal surveys and proportion of surveys present on Deveaux Bank, South
Carolina 2007 - 2008 by breeding status and conservation status of species.
Breeding Conservation
Common name

Scientific name

status

status

Proportion of
Total Count

surveys present

Both
2007 2008
Brown Pelican
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Pelecanus occidentalis

B

Double-crested Cormorant Phalacrocorax auritus
Reddish Egret

SC***

Both

years 2007

2008

years

491

384

875

1.00

1.00

1.00

L

5

0

5

0.38

0.00

0.18

Egretta rufescens

L

3

3

6

0.38

0.33

0.35

Tricolored Heron

Egretta tricolor

B

SC***

1

7

8

0.13

0.44

0.29

Black-bellied Plover

Pluvialis squatarola

N

SC**

4

74

78

0.25

0.78

0.53

Semipalmated Plover

Charadrius semipalmatus

N

SC**

46

82

128

0.75

0.89

0.82

Piping Plover

Charadrius melodus

N

FT

20

42

62

0.38

0.44

0.41

Wilson's Plover

Charadrius wilsonia

B

ST, SC***

3

16

19

0.25

0.67

0.47

American Oystercatcher

Haematopus palliatus

B

SC***

42

66

108

0.50

0.67

0.59

Table 2.2. (Continued)
Yellowlegs^

1

3

4

0.13

0.33

0.24

35

59

94

0.88

1.00

0.94

13

38

51

0.50

1.00

0.76
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Greater Yellowlegs

Tringa melanoleuca

N

SC*

Lesser Yellowlegs

Tringa flavipes

N

SC***

Willet

Tringa semipalmatus

B

SC***

Ruddy Turnstone

Arenaria interpres

N

Sanderling

Calidris alba

N

SC***

247

424

671

1.00

1.00

1.00

Red Knot

Calidris canutus

N

SC***

1

32

33

0.13

0.33

0.24

Dunlin

Calidris alpina

N

SC***

2

34

36

0.13

0.56

0.35

56

177

233

0.88

0.78

0.82

1

33

34

0.13

0.22

0.18

Peep^
Semipalmated Sandpiper Calidris pusilla

N

SC***

Western Sandpiper

Calidris mauri

N

SC***

Least Sandpiper

Calidris minutilla

N

SC***

Dowitcher^
Long-billed Dowitcher

Limnodromus scolopaceus

N

SC*

Table 2.2. (Continued)
Short-billed Dowitcher

Limnodromus griseus

N

SC***

Unknown shorebirds^

30

3

33

0.62

0.33

0.47

1411 2612

4023

1.00

1.00

1.00

Laughing Gull

Leucophaeus atricilla

B

Ring-billed Gull

Larus delawarensis

N

5

18

23

0.25

0.33

0.29

Herring Gull

Larus argentatus

N

16

10

26

0.88

0.56

0.71

Great Black-backed Gull

Larus marinus

N

1

0

1

0.13

0.00

0.06

3

0

3

0.13

0.00

0.06

37

130

167

0.13

0.11

0.12

4

3

7

0.38

0.33

0.35

408 1178

1586

1.00

0.89

0.94

Unknown gulls^
25

Black Tern

Chlidonias niger

N

Gull-billed Tern

Gelochelidon nilotica

B

SC***

Royal Tern

Thalasseus maxima

B

SC***

Sandwich Tern

Thalasseus sandvicensis

B

SC***

49

40

89

0.88

0.67

0.76

Common Tern

Sterna hirundo

L

SC***

2

13

15

0.13

0.22

0.18

Forster's Tern

Sterna forsteri

L

SC**

5

5

10

0.25

0.22

0.24

Least Tern

Sternula antillarum

L

ST, SC***

3

8

11

0.25

0.11

0.18

Table 2.2. (Continued)
Unknown terns^
Black Skimmer

Rynchops niger

B

^species grouped that were not be reliably identified during surveys
B = nested on Deveaux Bank 2007-2008
L = nest in SC; did nest on Deveaux Bank 2007-2008
N = does not nest in SC
SC*** = SC Species of Conservation Concern: Highest Priority
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SC** = SC Species of Conservation Concern: High Priority
SC* = SC Species of Conservation Concern: Moderate Priority
ST = SC State Listed Species: Threatened
FT = Federal Listed Species: Threatened

SC***

13

6

19

0.25

0.22

0.24

245

339

584

0.63

0.89

0.76

Temporal aspects of bird use
Total count of all birds during an individual survey ranged from 252 – 1,678 birds
(mean = 531.9 ± 87.9) for both years combined. The highest counts of all birds occurred
during early August of 2007 (FN 7) and late July of 2008 (FN 6), while the fewest birds
were counted in late June of both years (FN 4; 2.3). LAGU was the most abundant
species in both years and accounted for the greatest proportion of birds counted during
nearly all survey periods (Figure 2.4). BRPE, LAGU, and SHORE were present in all
surveys. RTST was present in all but the latest survey (FN 11). BSGB were not present
after late July in 2007, and only one hatch-year bird was present after early August in
2008. Of all birds counted in both years combined, hatch-year birds accounted for 9.1%
of BSGB, 9.2% of RTST, 12.9% of BRPE, and 38.4% of LAGU. Hatch-year birds were
counted during surveys in all months except May (FN 1 and 2; Figure 2.3).
Fortnight had a significant effect on intertidal use of all species (BRPE: F9,315 =
4.5, P < 0.01; RTST: F8,292 = 9.3, P < 0.01; BSGB: F7,285 = 3.2, P < 0.01; SHORE: F9,323
= 10.6, P < 0.01). The survey model for LAGU did not converge when the overdisperion
correction factor was included (2/df = 13.7); when omitted, the LAGU survey model
indicated a significant effect of fortnight (F9,1 = 298.1, P = 0.04) though this result should
be interpreted with caution (Allison 1999). Counts for SHORE were highest during early
and late during the survey period. For the remaining species groups, counts tended to
increase with time, peaking in late July and early August, before declining during the
remainder of the survey period (Figure 2.4). Intertidal use did not vary by year for any
species group (P ≥ 0.14 for each).
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Figure 2.3. Mean number of birds counted during each fortnight for surveys conducted in 2007- 2008 on Deveaux Bank, South
Carolina. BRPE = Brown Pelican, LAGU = Laughing Gull, RTST = Royal and Sandwich Terns, BSGB = Black Skimmer and
Gull-billed Tern, SHORE = shorebirds, TOTAL = all birds counted. Asterisks indicate young present during survey. One
BSGB chick was observed in FN 8 2008; no BSGB chicks hatched in 2007.
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Figure 2.4. Proportion of intertidal bird use for each fortnight (FN) by species group and proportion bird use for each year by
fortnight total for surveys conducted on Deveaux Bank, South Carolina 2007 - 2008. BRPE = Brown Pelican, LAGU =
Laughing Gull, RTST = Royal and Sandwich Terns, BSGB = Black Skimmer and Gull-billed Tern, SHORE = shorebirds.

Spatial aspects of bird use
Birds used all plots during both study years; plot use among surveys ranged from
41% – 100% for all birds counted (Figure 2.5). Within surveys, between 61 – 100% of
plots were occupied. Numbers of birds varied among plots for total birds counted (F20,21 =
133.7, P < 0.01) and by species group (F20,21 ≥ 30.3, P < 0.01 for all) and, in general,
plots with greater bird use were visited by more species (r = 0.76, P < 0.01). No plots
were used by all species groups and age classes in both years but plots adjacent to each
other tended to support similar combinations of species groups and age classes (Table
2.3). Within plots, birds were not evenly distributed in the intertidal space in either study
year (2007 total birds: 3 2 = 4584.22, P < 0.001; 2008 total birds: 3 2 = 3146.71, P <
0.001). Between 50 – 75% of all birds were located in the lower beach during the study
and proportionately more BRPE, LAGU, RTST were found in the lower beach in both
years (Table 2.4). The mid beach was used more frequently by BSGB and SHORE.
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Figure 2.5. Proportion of surveys (N = 17) intertidal plots were used by each species group and total birds counted on Deveaux
Bank, South Carolina 2007 – 2008. Bars represent proportion of bird use for each species group: BRPE = Brown Pelican,
LAGU = Laughing Gull, RTST = Royal and Sandwich Terns, BSGB = Black Skimmer and Gull-billed Tern, SHORE =
shorebirds. Shaded region indicates use by total birds.

Table 2.3. Bird use of intertidal plots by species groups on Deveaux Bank, South Carolina in 2007 and 2008. BRPE = Brown
Pelican, LAGU = Laughing Gull, RTST = Royal and Sandwich Terns, BSGB = Black Skimmer and Gull-billed Tern, SHORE
= shorebirds. X = adults and young counted in the plot in at least one study year, O = adults only counted in the plot. Uppercase letters indicate plots used in both years; lower-case letters indicate plots used in one year.
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Table 2.4. Proportion of birds located within each strata of intertidal survey plots on Deveaux Bank, South Carolina, 20072008. BRPE = Brown Pelican, LAGU = Laughing Gull, RTST = Royal and Sandwich Terns, BSGB = Black Skimmer and
Gull-billed Tern, SHORE = shorebirds.

BRPE
LAGU
RTST
2007 2008 2007 2008 2007 2008

BSGB
SHORE
TOTAL
2007 2008 2007 2008 2007 2008

Strata

Description

Water's edge

submerged sand

0.01

0.18

0.09

0.13

0.01

0.13

0.04

0.03

0.01

0.11

0.05

0.12

Lower beach

wet sand

0.82

0.60

0.74

0.54

0.93

0.84

0.96

0.32

0.54

0.2

0.76

0.52

Mid beach

moist sand

0.14

0.20

0.13

0.26

0.06

0.03

0

0.58

0.41

0.64

0.17

0.32

Upper beach

dry sand

0.03

0.02

0.04

0.07

0

0.001

0

0.06

0.04

0.05

0.03

0.05
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Plot-scale habitat characteristics
On average, plots were typically not steeply sloped and had moderate levels of
human use (Table 2.5) yet I detected significant relationships among main effects, their
interaction, and bird use. An increase in plot slope was related to a decrease in BRPE and
SHORE numbers but had no effect on BSGB numbers (Table 2.6). The interaction effect
of slope and human use was significant for RTST and marginally significant for LAGU
(Table 2.6). For these species, bird abundance also tended to decrease with increasing
slop in plots with little to no human use. In plots with the greatest proportion of human
use, however, LAGU counts tended to increase with steeper slopes while RTST counts
did not change significantly with slope. There was a significant decrease in numbers of
BSGB and a marginally significant decrease in numbers of BRPE in plots with an
increased degree of human use (Table 2.6). SHORE was the only species group for which
human use had no effect.
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Table 2.5. Habitat characteristics included in models of intertidal bird use at survey plots
on Deveaux Bank, South Carolina, 2007 - 2008. BRPE = Brown Pelican, RTST = Royal
and Sandwich Terns, BSGB = Black Skimmer and Gull-billed Tern.
Model

Habitat feature

Offset

Year

Mean

SE

Minimum Maximum

2007

8615.2 1576.2

3693

36681

2008

12236.1 2201.2

4511

45998

Area (m2)
factor

2007

3.4

0.2

1.5

4.5

2008

2.9

0.3

1.0

5.5

Human use

2007

0.2

0.1

0

0.9

(proportion)

2008

0.3

0.1

0

0.8

Distance to BRPE

2007

530.9

69.8

102.8

1315.1

colony (m)

2008

800.5

79.3

224.4

1324.8

Distance to BLSK

2007

405.1

54.9

71.1

885.1

2008

403.7

52.6

114.7

851.9

Distance to RTST

2007

531.1

71.2

74.9

1318.3

colony (m)

2008

781.0

84.4

199.4

1333.8

Distance to water

2007

671.7

80.9

132.4

1298.0

feature (m)

2008

647.2

77.9

132.9

1293.0

Slope (%)
Plot scale

Landscape colony (m)
scale
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Table 2.6. Final models of plot-scale habitat characteristics on bird use of intertidal areas
at Deveaux Bank, South Carolina, 2007 - 2008. Species groups include Brown Pelican
(BRPE), Laughing Gull (LAGU), Royal and Sandwich Tern (RTST), Black Skimmer and
Gull-billed Tern (BSGB), and shorebirds (SHORE). Exponentiated estimates indicate a
positive change in count per unit increase in parameter if > 1 and a negative change in
count per unit increase in parameter if < 1.
Species

Model parameters

BRPE

LAGU

RTST

BSGB

SHORE

F-value

Num DF

Den DF

P

Exp(Est)

Slope

7.3

1

28.53

0.01

0.0

Human use

3.3

1

27.21

0.08

0.0

Slope

0.4

1

36.8

0.52

-

Human use

3.1

1

35

0.09

0.0

Slope*Human use

3.0

1

36.1

0.09

3.2

Slope

3.0

1

36

0.09

0.5

Human use

5.0

1

34.8

0.03

0.0

Slope*Human use

4.9

1

37.9

0.03

10.5

Slope

1.1

1

33.9

0.31

-

Human use

4.4

1

36.1

0.04

0.0

Slope

6.7

1

29.7

0.01

0.0

Human use

1.2

1

33.4

0.28

-
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Landscape-scale habitat characteristics
Five plots had sandbars offshore and 14 plots had adjacent dunes in both years of
the study. The location of dunes and sandbars were generally consistent between years.
Sandbars were located offshore of plots 8, 9, 10, and 11 in 2007 and 2008, plot 16 in
2007, and plot 12 in 2008. Plots without adjacent dunes included plots 12, 13, 14, 18, 19,
20, and 21 during both years. On average, the proximity of plots to colonies ranged from
400 – 800 m and the proximity to water features was approximately 650 m (Table 2.5).
Detailed results of landscape-scale models are presented in Table 2.7. The
presence of sandbars had a significant effect on BSGB numbers and a marginal effect on
SHORE abundance such that bird use was greater in plots with no sandbars compared to
plots with sandbars. Conversely, the presence of sandbars had a positive effect on RTST
abundance compared to plots with no sandbars.
Distance parameters had a significant effect on abundance of BSGB, BRPE, and
RTST, and for the latter two species these relationships were moderated by the presence
of sandbars and dunes, respectively (Table 2.7). For BSGB, an inverse relationship was
found between abundance and distance to colony and, separately, between abundance and
distance to water feature. More BSGB were located in plots closer to colonies and in
plots closer to water features. When considering distance from colony as a factor, the
presence of sandbars had a negative effect on BRPE numbers as distance increased while
the absence of sandbars had a positive effect. For RTST, the presence of dunes had a
positive effect on abundance as distance from colony increased while the absence of
dunes had a negative effect. Similar but opposing trends were found for the distance from
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water feature parameter. In this case, the presence of sandbars had a positive effect on
BRPE numbers as distance increased while the absence of sandbars had a negative effect.
For RTST, the presence of dunes had a negative effect on abundance as distance from
water feature increased while the absence of dunes had a positive effect. Distance from
water did not have a significant effect on LAGU or SHORE abundance.
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Table 2.7. Final models of landscape-scale habitat characteristics on bird use of intertidal
areas at Deveaux Bank, South Carolina, 2007 - 2008. Species groups include: BRPE =
Brown Pelican, LAGU = Laughing Gull, RTST= Royal and Sandwich Tern, BSGB =
Black Skimmer and Gull-billed Tern, SHORE = shorebirds. Exponentiated estimates
indicate a positive change in count per unit increase in parameter if > 1 and a negative
change in count per unit increase in parameter if < 1.
Model
Species

F- Num
Present

parameters
BRPE

Den
P Exp(Est)

value

DF

DF

Distance_colony

26.0

1

35

< 0.01

0.0

Distance_water

5.9

1

14.8

0.03

0.0

N

0.0

Sandbar

9

1

18.7

< 0.01

Y

0.0

N
Dune

0.5

1

13.4

0.5

Y
Distance_colony

-

N

1.0
30.6

* Sandbar

Y

Distance_water

N

LAGU

35

< 0.01
1.0
1.0

30.9
* Sandbar

1

1

19.7

< 0.01

Y

Distance_water

1.0
2.5

1

13.5

0.13

0.8

1

37.1

0.39

N
Sandbar

-

Y

-

N

-

Dune

0.2
Y

1

13.9

0.67
-
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Table 2.7 (Continued)
RTST
Distance_colony
Distance_water

33.6

1

30.7

< 0.01

0.2

3.4

1

25.4

0.08

0.2

24.6

1

32.2

< 0.01

N
Sandbar

0.0

Y

0.2

N
Dune

135.6
14.4

1

10.2

< 0.01

Y
Distance_colony

0.2

N

1.0
40.1

30.6

< 0.01

* Dune

Y

1.0

Distance_water

N

1.0
17.2

* Dune
BSGB

1

1

28.9

< 0.01

Y

1.0

Distance_colony

96.7

1

37

< 0.01

0.0

Distance_water

96.4

1

37

< 0.01

0.0

N
Sandbar

1.7
13.4

1

37

< 0.01

Y

0.0

N

-

Dune

1.6

1

14.5

0.23

Y
SHORE

Distance_water
N

0.1

1

20.2

0.78

-

3.8

1

17.3

0.07

0.0

Sandbar
Y

0.0

N

-

Dune

0.4
Y

1

8.2

0.53
-
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Bird behavior in intertidal areas
Behavior was recorded for 9,018 birds (99.73 % of all birds observed in plots)
during both survey years (2007: 3,201 birds; 2008: 5,817 birds). On average,
approximately 60% of all birds observed were resting, 24% were engaged in maintenance
activities, 16% were feeding and less than 2% were engaged in locomotion and social
behaviors (Table 2.8). Behavior differed among seabirds and shorebirds. BRPE, LAGU,
RTST, and BSGB most frequently engaged in resting and maintenance behaviors, while
SHORE were most often observed feeding in intertidal areas (Table 2.8).
Plot-scale habitat characteristics had a significant effect on behavior for all five
species groups. An increase in slope corresponded to an increase in odds of resting
behavior for BRPE and RTST (P < 0.01 for each), of foraging activities for SHORE
(F1,1559 = 12.8, P < 0.01), and of maintenance behavior for BSGB (F1,576 = 4.4, P = 0.04)
and, marginally, LAGU (F1,3996 = 3.4, P = 0.06). Increase proportions of human use at a
plot was associated with a decrease in odds of resting behavior for BRPE (F1,860 = 67.7, P
< 0.01) and of maintenance behavior for BSGB (F1,576 = 7.2, P < 0.01) but an increase in
odds of maintenance behavior for BRPE and LAGU (P = 0.04 for each). There was a
moderately significant interactive effect of slope and human use on odds of resting
behavior for LAGU (F1,3995 = 3.1, P = 0.08). All other terms were not significant in the
plot-scale models of behavior for the five species groups.
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Table 2.8. Proportion of birds engaged in behavior categories during intertidal surveys on Deveaux Bank, South Carolina
2007-2008. Species groups include Brown Pelican (BRPE), Royal and Sandwich Terns (RTST), Black Skimmer and Gullbilled Tern (BSGB), and shorebirds (SHORE).
BRPE

LAGU

RTST

BSGB

SHORE

TOTAL

2008

2007

2008

2007

2008

2007

2008

2007

2008

2007

2008

Feeding

0.00

0.05

0.02

0.05

0.00

0.01

0.00

0.02

0.75

0.78

0.13

0.17

Locomotion

0.01

0.01

0.02

0.01

0.02

0.01

0.00

0.01

0.06

0.03

0.02

0.01

Maintenance

0.39

0.40

0.25

0.22

0.44

0.40

0.16

0.13

0.05

0.02

0.26

0.23

Resting

0.60

0.54

0.70

0.72

0.54

0.58

0.84

0.83

0.14

0.14

0.59

0.57

Social

0.00

0.00

0.00

0.00

0.00

0.01

0.00

0.01

0.00

0.02

0.00

0.01
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2007

Discussion
Surveys of intertidal areas of Deveaux Bank during two consecutive breeding
seasons revealed that most of the island’s intertidal area was used consistently by
nearshore seabirds as well as shorebirds during the energy-intensive breeding season and
during spring and fall migration. Adult and hatch-year birds of 30 species utilized
intertidal plots on Deveaux Bank during my study, using all plots around the perimeter of
the island in both years and occurring in no fewer than 60% of plots in all surveys.
Surveys were scheduled during morning low tides when human visitation to the island
was comparatively low so that patterns of bird use with minimal direct influence of
human disturbance could be revealed. Observations on Deveaux Bank at other tidal
stages (e.g. high tide) or times of day (e.g. afternoon) when human use was low indicated
that bird use of plots and beach strata did not appear to vary substantially from those
made during my surveys. I therefore consider areas of recurring bird use in this study to
provide a strong indication of preferred habitat in the absence of intense human
disturbance and to demonstrate the importance of intertidal habitat for seabirds on coastal
islands during the breeding season. Rather than attempting to uncouple the detailed
ecological relationships and biological mechanisms directing these patterns of habitat use
as is often done, I instead sought to identify coarse-scale habitat factors that not only
provided ecological context but also could be efficiently and accurately recorded by
managers who often make infrequent visits to islands and have limited resources for
detailed habitat assessments.
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Bird use in relation to plot-scale characteristics
Despite the continual restructuring of coastal habitat by tides, currents, and
weather, some consistent factors emerged that explained habitat use patterns among
species groups at the plot scale. Birds were not evenly distributed within or among plots.
Within a species, aggregations of birds tended to occur in the same beach strata and the
same plots across surveys. Beach slope had an inverse relationship with bird abundance
among all species groups except Black Skimmers and Gull-billed Terns. While higher
abundances of shorebirds could be associated with intertidal areas with a flat profile due
to increased invertebrate biomass and diversity at beaches with a low slope (McLachlan
and Brown 2006, Neuman et al. 2008), the link between increased seabird use and flatter
beaches is less apparent. Visser et al. (2005) found that more persistent colonies were
found on islands with wider and thereby flatter beaches. Wide beaches typically have a
lower slope due to decreased wave energy (beach width and slope were negatively
correlated in this study, r = -0.81) and may provide optimal habitat for resting and
maintenance behaviors of seabirds.
Bird use of intertidal habitat for all species groups examined except shorebirds
also varied with the proportion of surveys each plot showed signs of human use. Fewer
Black Skimmers and Brown Pelicans were located in plots that experienced a greater
proportion of anthropogenic use throughout the breeding season. My human use index
also was related to the relationship between intertidal use and beach slope for Laughing
Gulls and Royal and Sandwich Terns. For these species groups, the documented inverse
trend between bird use and beach slope was apparent for plots with little to no human use
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but the trend was altered for plots with proportionately more visitation (i.e., where the
proportion of human use was high, Laughing Gull numbers increased with increasing
beach slope). The predominant behaviors exhibited by seabirds in intertidal areas (i.e.,
rest and maintenance) were also related to human use in a species-specific manner. My
data therefore suggest that limiting the degree of human use could positively impact bird
abundance and behavior in preferred intertidal habitat and may prevent the forfeit of
otherwise suitable habitat due to human disturbance.
Preference for particular strata of the intertidal was also apparent in this study.
Seabird groups, which typically used beaches for resting and loafing activities, most often
inhabited areas of wet or moist substrate closer to the waterline, while shorebirds most
frequently foraged in the mid-beach region. In general, human use tends to be higher
within the lower beach (Lafferty 2001, Meager et al. 2012), which, together with the
consistency of beach strata use in this study, highlights the importance of considering
within-beach location if determining areas where bird and human use overlap for
protective measures. Intertidal strata and slope can be easily defined and measured, and
hence may act as useful and efficient measures for managers to consider when assessing
intertidal areas for protection.

Bird use in relation to landscape-scale characteristics
All factors examined at the landscape scale significantly affected bird abundance,
though relationships among the main effects and their interactions varied by species. The
distance of intertidal areas from seabird colonies was a significant factor for all species
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groups examined. Bird use tended to decrease with distance from the colony but, notably,
other habitat characteristics moderated this relationship for Brown Pelicans and Royal
and Sandwich Terns. For example, although Brown Pelicans were found in high
abundance in intertidal areas adjacent to the colony, pelicans also frequented areas farther
from the colony where sandbars were absent offshore. Royal and Sandwich Terns
occurred regularly near their colonies but also farther from colonies where dunes were
present. These interactions among habitat characteristics have an important management
implication. Colony boundaries are often the basis for establishing protected areas for
breeding birds via buffer zones or set-back distances but my data suggest this common
management practice may omit important bird-use areas that are not adjacent to colonies.
During my study, the intertidal areas used by Brown Pelicans and Royal and Sandwich
Terns for resting that were not adjacent to colonies were often at a distance beyond
recommended set-back distances (Erwin 1989, Rogers and Smith 1995) and hence would
fail to receive management protection.
The development of partial beach closures, buffers, or set-back distances based on
colony location may be further complicated when the extent and intensity of intertidal
habitat use varies with the location, success, and size of the colony, which are unknown
at the start of the breeding season when closures are typically implemented. For example,
during the second year of this study the Royal and Sandwich Tern colony was located
approximately 200 m from intertidal habitat rather than along the beach berm as in
previous years. Despite this distance, adults guided pre-fledged terns to the beach through
thick vegetation. A typical colony buffer would not have protected this complete travel
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route or the distant intertidal area. Furthermore, this study coincided with decreased
numbers of nesting Royal and Sandwich Terns, from a high of 13,000 nests in the early
1990s to less than 600 nests in 2007 and 2008 (Jodice et al. 2007, SCDNR unpublished
data). When colony size of Royal and Sandwich Terns is greater than it was during my
survey years, the intensity and extent of use of the intertidal zone also increases (pers.
obs.). Increasing the number of survey years would be improve spatial and temporal
models by incorporating fluctuations in colony size, habitat characteristics, and human
use. Nonetheless, my data demonstrate that intertidal areas are a critical component of
habitat for seabirds during the breeding season.

Behavior in intertidal areas
For the majority of birds surveyed, intertidal areas provided habitat for energysaving and energy-gathering activities. Even though they forage in the marine
environment, seabirds engaged in behaviors in intertidal areas related to feeding,
including begging, provisioning young, and recuperating between foraging trips. The
majority of birds not engaged in foraging behaviors were located on wet sand or standing
in the water, where temperatures would presumably be cooler (McLachlan and Brown
2006) and more accommodating to thermoregulation than in the colony. Lower beach
areas also afford pre-fledged birds an alternate escape route from predators and perceived
predators compared to colonies or upper beach areas (Beale and Monaghan 2004).

47

Management considerations
In a recent review of 69 studies on the impacts of human disturbance to birds, in
which a third of the studies focused on shoreline habitat, negative effects to birds were
determined in nearly 90% of the studies (Steven et al. 2011). In South Carolina, human
disturbance has been identified as one of the greatest challenges faced by colonial nesting
birds and as such consistently contributes to inclusion of seabirds as species of concern in
the state’s conservation planning (Kohlsaat et al. 2005); habitat protection has also been
outlined as a priority action for protecting these species. Enhanced protection of breeding
islands like Deveaux Bank, which shares similarities with other seabird nesting islands in
the state and region with its habitat characteristics and use by numerous species during
energy intensive periods, would support the conservation of numerous species of concern
in relatively small areas. Given the limited number of islands meeting requirements for
seabird nesting, managing intertidal areas as an essential component of breeding habitat
on seabird nesting islands would serve to maintain or improve habitat quality for
numerous species at multiple scales and could contribute to overall fitness of the species,
particularly those that are obligate island-nesters. Selection of seabird habitat for
protection that is guided by the recognition that important habitat is not limited to nest
site location will enhance conservation efforts for seabirds at nesting islands.
My surveys provide data to which patterns of bird use can be compared over time
as management strategies, patterns of human use, available habitat, and population size
may change. The models I assessed accentuate the complexity of habitat use patterns
within bird groups (e.g. significant interaction effects) and among bird groups (e.g.
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opposing relationships of a habitat variable for different species groups). My results
clearly demonstrate that seabirds and not just shorebirds rely on the intertidal zone
throughout the breeding season through a more detailed examination of habitat use and
behavior than similar survey efforts conducted along the southeast Atlantic and Gulf
coasts of the U.S. (Schrieber and Schreiber 1982, Rogers et al. 1997, Visser et al. 2005).
Because of the variability among species-specific habitat use patterns and temporal shifts
in habitat use across the island, it does appear that prohibiting human use of specific
sections of intertidal habitat based on course-scale habitat characteristics would be
challenging. If minimizing disturbance to the maximum number of birds was set as the
management objective, my data suggest that closures of intertidal areas with low slope
would protect the largest numbers of birds across species groups and that regulating
visitor access along the waterline would enhance protection for seabirds during the
breeding season. The dynamic nature of coastal islands suggests that an adaptive
approach to closures based on habitat characteristics and bird use patterns would be more
appropriate than fixed area closures. Yet the complex and species-specific habitat
associations observed in this and other studies (e.g. Meager et al. 2012) suggest this is an
impractical approach, particularly on islands with few resources for management.
Ultimately, this study suggests partial island closure at Deveaux Bank would be difficult
to design, implement, and enforce and would inadequately protect significant bird use
areas.
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CHAPTER THREE
HEALTH ASSESSMENTS OF BROWN PELICAN NESLTINGS FROM COLONIES
IN THE SOUTHEASTERN U.S.

Introduction
Seabirds are threatened by numerous natural and anthropogenic stressors along
our coasts (Suchanek 1994, DeLuca et al. 2008, Defeo et al. 2009). Avian health
assessments offer insight on the condition of populations of concern under the influence
of these threats and are a valuable component of effective species conservation (Deem et
al. 2001). Furthermore, health assessments can enhance understanding of the ecological
and demographic mechanisms that regulate populations and can be effective in the
identification of short- and long-term changes in the environment (Kushlan 1993,
Newman et al. 2007a, Acevedo-Whitehouse and Duffus 2009). Seabirds are ideal
candidate species for long-term monitoring of modifications to coastal systems (Mallory
et al. 2010). In general, nearshore species within the guild are ubiquitous and
geographically wide-spread, breed in dense colonies, and have gregarious tendencies
throughout the year. These characteristics place seabirds at greater risk to population
crashes from health-related issues and, from a practical perspective, also allow for the
sampling of a large number of individuals from a common location to track populationlevel trends. Migratory behavior can vary among and within species but the relatively
lengthy breeding season, when seabirds are central-place foragers, affords an opportunity
to assess the effect of local conditions on breeding adults and their young (Kushlan 1993,
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Burger and Gochfeld 2004). Moreover, sites typically support colonies of breeding birds
in successive years over long durations, providing ideal conditions for the development
and implementation of monitoring programs that track site-specific changes in bird health
along with environmental conditions and stressors.
The accumulation of baseline data on health parameters is critical to
understanding the impacts of stressors stemming from anthropogenic or natural sources
(Newman et al. 1997, Deem et al. 2001). Acute and chronic stressors to coastal seabirds
and their habitat can compromise health and increase the susceptibility to and prevalence
of disease caused by infectious (e.g. bacteria, viruses, and parasites) or non-infectious
agents (Friend et al. 2001, Acevedo-Whitehouse and Duffus 2009). For example,
parasitism, food shortages, and extreme weather events are natural threats that can
chronically or acutely impair the condition of seabirds (Amat et al. 2007, AcevedoWhitehouse and Duffus 2009), while chemical pollutants, including pesticides, heavy
metals, and petroleum, and the degradation and disturbance of habitat are anthropogenic
stressors that can increase the susceptibility of seabirds to disease (Briggs et al. 1997,
Seiser et al. 2000). Baseline data collected from wild populations provides the foundation
for study designs (e.g. before-after control-impact, BACI) that are often implemented
after acute events (e.g. Alanzo-Alvarez et al. 2007) and provide the starting point for
long-term monitoring. Furthermore, data from wild populations reflect health status under
recent and existing environmental conditions and stress regimes. Reference values from
these populations are more valuable compared to those from non-wild populations for
long-term monitoring and for setting conservation actions and goals.
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In this study, I evaluate the health of Brown Pelican (Pelecanus occidentalis)
nestlings from three colonies along the Atlantic coast of the southeastern U.S. Brown
Pelicans are one of the most conspicuous and easily identified avian species and are
strongly associated with coastal systems along all three coasts of the continental United
States. As a high trophic-level consumer with clearly documented sensitivity to
contaminants and environmental change, the Brown Pelican makes an ideal indicator
species of coastal ecosystem health that, when monitored appropriately, can reveal
anthropogenic and natural changes in the environment, both subtle and catastrophic
(Anderson et al. 1980, Anderson et al. 1982, Blus 1982, Wickliffe and Bickham 1998).
Recent recovery of the species from its endangered status (USFWS 2009) demonstrates
the susceptibility of Brown Pelicans to natural and anthropogenic stressors, notably
contaminants, disease, human disturbance, and reduced prey availability (Anderson et
al.1982, Anderson 1988, Wilkinson et al. 1994), and the ability of the population to
rebound to sustainable numbers when stressors are alleviated (Holm et al. 2003).
My primary objective in this study was to establish baseline data for
hematological, biochemical, and serological values of a wild population of Brown
Pelicans during early chick development. Sampling individuals living in natural
conditions, as opposed to in captivity, provides insight into how health parameters are
affected by the complex interactions of factors influencing wild populations. Health
indices measured in pre-fledged pelicans may provide the best indicator of local
environmental conditions since, unlike juvenile and adult pelicans, exposure of chicks to
disease-causing agents is largely limited to interactions within the colony and to food
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provisioned by adults from nearby foraging locations (Alanzo-Alvarez et al. 2007). Two
previous studies of Brown Pelican health included captive and wild-captured pelicans but
did not include pre-fledged young (Wolf et al. 1985, Zaias et al. 2000). I aimed to fill this
gap by providing baseline health values for nestlings in years of relatively normal
conditions and make comparisons to existing data.
Variability in health indices from wild populations is common (Fair et al. 2007).
Thus, the secondary objective of this study was to evaluate the effect of individual
attributes and local environmental factors on variability of health parameters. Natural and
anthropogenic stressors can vary by colony location and so I evaluated the relationship
between colony site and health parameters. I also examined the effect of a potential
natural stressor known to exist at pelican colonies, infestation by the soft tick Carios
capensis (Eggert and Jodice 2008; Eggert et al. 2010), on health parameters. C. capensis
commonly occurs at pelican colonies in the southeastern U.S. and infestation varies
among colonies (Eggert and Jodice 2008). Tick infestation can directly affect health of
pelicans by causing anemia, inflammation, and paralysis and through the transmission of
bacterial, viral, and rickettsial diseases (Wall and Shearer 2001, Reeves et al. 2006) and is
a concern for wildlife managers. Lastly, I considered the effects of nestling sex and body
condition on health measures. The aforementioned variables can impact health
parameters in other avian species (Grasman et al. 2000b, Quillfeldt et al. 2004, Amat et
al. 2007, Newman et al. 2007b) and, for a sex effect, in Brown Pelicans (Wolf et al. 1985,
Zaias et al. 2000). By assessing this suite of biological and environmental variables I
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sought to enhance the understanding of how these factors influence pelican health and to
develop a more appropriate context for interpreting baseline values of health parameters.

Methods
Study sites
Sampling occurred at two pelican colonies in South Carolina and one colony in
Georgia (Figure 3.1). In South Carolina, Marsh Island (32.99167, -79.54583)
is a 19 ha island located within Cape Romain National Wildlife Refuge and Crab Bank
(32.77767, -79.88350) is a 9 ha sand-spit island located in Charleston Harbor. Egg
Island Bar (31.30881, -81.27209) is a 24 ha island located near the mouth of the
Altamaha River in Georgia. Marsh Island is 40 km north of Crab Bank and Egg Island
Bar is 210 km south of Crab Bank. Brown Pelicans primarily nest on the ground at all
colonies and C. capensis has been documented in each colony, though abandonment of
nests due to heavy tick infestation has only been reported from Marsh Island and Egg
Island Bar in recent years (pers. obs. Felicia Sanders, Brad Winn). Other species
commonly nesting at these sites include Laughing Gull (Leucophaeus atricilla), Royal
Tern (Thalasseus maximus), Sandwich Tern (Thalasseus sandvicensis), Gull-billed Tern
(Gelochelidon nilotica), Black Skimmer (Rynchops niger), Wilson’s Plover (Charadrius
wilsonia), American Oystercatcher (Haematopus palliates), Willet (Tringa semipalmata),
and several species of wading birds.
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Figure 3.1. Colony locations of Brown Pelican nestlings sampled for health assessments
in 2005, 2007, 2008.

Field procedures and sample collection
In 2005, 2007, and 2008, researchers removed nestlings from their nest by hand
and transported them out of the colony for body measurements, a physical examination,
and blood sample collection. Nestlings were returned to their nest after processing was
complete. Field work was conducted during morning hours to reduce heat stress to birds;
multiple birds were captured and processed simultaneously to minimize disturbance to
the colony. Nestlings were selected from nests marked as part of a larger study following
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chick growth and survival (Marsh Island and Crab Bank) or were selected based on
accessibility of nest and age of nestlings (Egg Island Bar).
During the physical examination, a veterinarian (T. Norton) assessed each
nestling for abnormalities, abrasions or signs of stress and injury, presence of oral
plaques, and assigned a body score value (scale: 1: emaciated – 5: obese) based on
musculature development and fat deposits along the keel. I measured nestling mass (g),
wing chord (mm), culmen length (mm), and tarsus length (mm) and inspected the neck
and pouch of each nestling to obtain a count of ticks (Eggert and Jodice 2008). Nestling
age was estimated based on culmen length (Eggert and Jodice 2008). Approximately 3 - 5
ml of blood was collected from the medial metatarsal vein into a heparinized syringe with
a 22 - 25 gauge needle. Immediately upon collection, four slides were prepared for total
white blood cell (WBC) and differential counts, blood was transferred to serum separator
tubes (for tests requiring plasma) and cryovials (for tests requiring whole blood), and a
small amount of blood (approx. 0.2 ml) was placed on Whatman FTA cards for genetic
sex determination. All items were individually labeled and stored in a cooler until
processing.

Sample processing
At the completion of each sampling day, serum separator tubes were centrifuged
(Vulcan Technologies, Grandview, Missouri, USA) for 5 min, typically within four hours
of collection. Researchers used a small amount of plasma to determine total solids (TS)
for each sample with a refractometer (Schuco refractometer model 5711-2021, Williston
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Park, New York, USA) and prepared a microhematocrit tube of heparinized whole blood
to measure packed cell volume (PCV) using a portable microhematocrit centrifuge
(Hematastat II, Separation Technology, Inc., Altamonte Springs, FL, USA) and PCV
chart. Total WBC counts were conducted the day of sampling using an Eosinophil
Unopette system (Becton Dickinson, Franklin Lakes, New Jersey, USA) utilizing
previous published methodology (Cray and Zaias 2004). Remaining plasma and blood
samples were placed in a cooler, placed in liquid nitrogen during transport to the
laboratory, and then transferred to an ultra-low freezer until shipping.
Biochemical, protein electrophoresis, and serological analyses were conducted at
the University of Miami (Department of Pathology, Miami, Florida, USA). A full
biochemical analysis was conducted on plasma samples on a dry-slide chemistry analyzer
(Kodak 750 XR, Ortho Clinical Diagnostics, Rochester, New York, USA). Analytes
evaluated included alanine aminotransferase (ALT), aspartate aminotransferase (AST),
creatinine phosphokinase (CPK), gamma glutamyl transferase (GGT), lactate
dehydrogenase (LDH), amylase, bile acids, blood urea nitrogen (BUN), calcium,
cholesterol, CO2, creatinine, glucose, lipase, phosphorus, potassium, sodium,
triglycerides, and uric acid. Plasma protein electrophoresis (SPEP-II agarose gels and the
Beckman paragon electrophoresis system; Beckman-Coulter Corp., Brea, California,
USA) determined concentrations of total protein (TP), pre-albumin, albumin, globulins
(Alpha 1, Alpha 2, Beta, Gamma), and A:G (the ratio of albumin to globulins; Cray and
Tatum 1998). Chlamydophila psittaci IgG-antibody titers were determined via indirect
fluorescent antibody tests and Aspergillus antibody and antigen titers were measured via
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enzyme immunoassay (Cray et al. 2009). Lipoprotein analysis included high-density
lipoprotein (HDL), low-density lipoprotein (LDL), and very low-density lipoprotein
(VLDL) for birds sampled in 2007 and 2008.
Nutritional evaluation included measurement of plasma Vitamin A and E using
reversed-phase high-performance liquid chromatography at Mystic Aquarium (Mystic,
Connecticut, USA). To determine differential WBC counts, blood smears were fixed in
methanol and stained with Wright-Giemsa stain (JorVet, Dip-Quickk, Jorgensen
Laboratories, Loveland, California, USA) before examination by light microscopy at the
White Oak Conservation Center (Yulee, Florida, USA) using 300 cells to calculate the
percentage of heterophils, lymphocytes, monocytes, eosinophils, and basophils per total
WBC count. Oral plaque samples collected during physical exams were placed on a slide
and then stained for WBC differentials. Sex was determined via the polymerase chain
reaction process for birds sampled in 2007 and 2008 (Zoogen Services Inc., Davis,
California, USA).

Statistical analysis
Reference ranges are presented for all health parameters. Values below detectable
limits, of insufficient quantity, or of poor quality were omitted from analyses. Normality
of parameters was assessed using Shapiro-Wilk’s test. I examined the effect of
independent variables (i.e. colony site, tick infestation, sex, and body condition) for all
parameters using parametric t-test, ANOVA with Tukey-Kramer multiple comparison
test, and pairwise correlations when data were normally distributed. For parameters that
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did not meet assumptions of normality even with transformations, I used non-parametric
Wilcoxon rank sum, Kruskal-Wallis ANOVA, and Spearman’s correlation tests. A pvalue of 0.05 was used for all tests and was adjusted by the Bonferroni correction factor
for multiple tests to account for group-wide Type I error due to the number of health
parameters examined (N = 40, P < 0.00125). Analyses were performed using SAS 9.2
and JMP 9.0.2 (SAS Institute Inc., Cary, NC, USA).
Tick infestation is known to vary by colony (Eggert and Jodice 2008) so I used
the proportion of nestlings infested with ticks and the number of ticks counted on the
pouch and neck of sampled nestlings to determine whether separate analyses were
required for each colony. For the body condition index I used culmen length to correct
body mass; both measures grow at a linear rate during the developmental period
represented by our sample (Eggert and Jodice 2008) and culmen length accounted for
91.2% of overall variation in body mass. I regressed body mass on culmen length and
included the residuals in the models as a representation of body condition. Though recent
reviews of body condition indices suggest body mass alone can appropriately represent
body size when direct measures of energy stores are not made (Schamber et al. 2009,
Labocha and Hayes 2011), I chose to correct body mass by a structural measure due to
the developmental stage of nestlings included in the sample. This body condition
determination was assumed to improve upon the subjective body score measure evaluated
during the physical exam.
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Results
Health assessments and reference values
I sampled 53 nest-bound pelicans of similar developmental stage (approximately
17 – 30 days post-hatch). Nestlings were sampled between 7 - 19 July at Marsh Island in
2005 (n = 10), at Crab Bank in 2007 (n = 10) and 2008 (n = 11), and at Egg Island Bar in
2008 (n = 12), and on 10 August 2007 (n = 10) at Egg Island Bar. No acute weather or
environmental events occurred during or between study years. In general, estimated ages
for nestlings ranged from 17 – 30 days at Crab Bank, 18 – 27 days at Egg Island Bar, and
21 – 28 days at Marsh Island. Body size measurements and tick counts are presented in
Table 3.1.
All nestlings appeared in good condition during physical examination. Minor
abrasions to mandibles, pouch, head, and wings were common at all colonies, and one
individual in 2007 at Egg Island Bar had an abscess on its head. Ten individuals had
marks or holes in the soft tissues of the pouch and feet that were suspected to be caused
by bites from red imported fire ants (Solenopsis invicta). Oral plaques were relatively
common, with 68% of nestlings displaying mild to moderate occurrence. Upon
examination of plaques, the primary findings were inflammatory cells with bacteria
present. Body score ranged from 1.5 – 3, consistent with normal condition and early
development of pectoral muscles.
A summary of health parameter values, including hematology, biochemistry,
electrophoresis, lipoprotein, and vitamins, is found in Table 3.2. Heterophils were the
most abundant cells (47.0 ± 1.6%), followed by lymphocytes (39.6 ± 1.4%), eosinophils
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(6.9 ± 0.7%), basophils (3.8 ± 0.3%), and monocytes (2.7 ± 0.2%). Thrombocyte counts
were adequate in all samples (n = 52) and no blood parasites were observed.
Overall, 45 nestlings (84.9%) tested negative for C. psittaci. One nestling
indicated past or recent exposure to the bacterial infection (titer 1:5) during each year of
sampling at Crab Bank, and two nestlings had titers of 1:5 in 2008 at Egg Island Bar. At
Marsh Island, one nestling tested weakly positive, two nestlings had titers of 1:5, and one
indicated recent or current exposure (titer 1:25). Aspergillus antibody levels were
negative for 43 nestlings (81.1%) sampled. All nestlings testing positive were sampled on
Egg Island Bar in 2008: three tested weakly (1.4 - 1.6), five moderately (1.7 - 2.0), and
two strongly (> 2.0) positive. Forty-eight nestlings (90.6%) tested negative for
Aspergillus antigen. All nestlings testing positive (n = 5) were sampled on Egg Island Bar
in 2007 and had weak positive levels (1.4 - 1.6).

.Spatial factors
Colony differences were apparent in seven parameters (Table 3.2, Figure 3.2): TS,
sodium, lipase, amylase, CPK, GGT, and pre-albumin (P < 0.05 for each based on
multiple comparisons tests).
At the time of sampling, ticks were found on 100% of nestlings at Marsh Island,
54.5% of nestlings at Egg Island Bar, and 23.8% of nestlings at Crab Bank. Tick counts
differed among colonies (Table 3.1; Χ22 = 20.1, P < 0.05). More ticks were counted on
the pouch and neck of nestlings at Marsh Island than the other two islands (F2,50 = 5.4, P
< 0.01; Tukey-Kramer P < 0.05 for each) but tick infestation did not differ between
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nestlings from Crab Bank and Egg Island Bar (Tukey-Kramer P = 0.9). Due to the
differences in tick presence and infestation levels on nestlings, I examined the effect of
ticks on health parameters for each colony separately. At Egg Island Bar and Crab Bank,
where tick infestation was relatively low, I compared health parameter values between
nestlings with and without ticks. At Egg Island Bar, values of TS, TP, alpha 2, gamma
globulin, amylase, and cholesterol were greater in nestlings with ticks than those with no
ticks; values of A:G and pre-albumin were lower for infested nestlings (P < 0.001 for
each; Figure 3.3). At Crab Bank, creatinine values were greater in infested nestlings
(median = 0.4 mg/dL) compared to nestlings without ticks (median = 0.2 mg/dL; Z = 3.4,
P < 0.001). At Marsh Island, where ticks were present on all nestlings sampled, I
examined the relationship between tick count and health parameter values using
parametric and non-parametric pairwise correlations, as appropriate for each analyte, and
found no significant relationships (P ≥ 0.003 for each).

Individual attributes
Sex was determined for 42 nestlings (female = 20, male = 22) from Crab Bank
and Egg Island Bar. The sample from both islands consisted of an equal representation of
each sex (P ≥ 0.83 for each) but no difference were detected between sexes (all P ≥
0.004). Body condition index differed by sex (t40 = 2.27, P = 0.03), with males (57.03 ±
36.12) having a greater index than females (-61.75 ± 37.88). I therefore analyzed the
relationship between health parameter values and body condition index separately for
each sex. Marsh Island nestlings were excluded from body condition analyses because
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sex was not determined for these samples. I found no significant relationships between
body condition index and health parameter values for females or males (all P ≥ 0.01).
Body condition index did not vary by colony (F2,50 = 0.54, P = 0.58) or between chicks
with or without ticks (t51 = 0.43, P = 0.67).

Table 3.1. Mean body measurements and ticks counted on pouch and neck of Brown
Pelican nestlings (± SE) sampled in 2005, 2007, and 2008 from three colonies: Crab
Bank, SC; Egg Island Bar, GA; and Marsh Island, SC.
Location

N

Body mass (g)

Culmen length (mm)

Ticks

Crab Bank, SC

21

2282.9 ± 154.4

131.4 ± 6.2

0.8 ± 0.4

Egg Island Bar, GA

22

1726.8 ± 89.4

106.2 ± 4.0

2.2 ± 0.7

Marsh Island, SC

10

2044.0 ± 147.7

117.6 ± 6.4

15.1 ± 8.6

66

Table 3.2. Reference values of health parameters for Brown Pelican nestlings sampled in 2005, 2007, and 2008 from three
colonies: Crab Bank, SC; Egg Island Bar, GA; and Marsh Island, SC. Mean, standard error (SE), median, lower and upper
95% confidence limits (LCL, UCL), minimum, and maximum values are shown for each parameter. Colony-specific values are
shown for parameters that varied by colony (P < 0.001 for all); letters indicate colony level differences based on multiple
comparisons tests. Values are combined among colonies for all other parameters.
Health parameters

N

Mean

SE

Median

LCL

UCL

Min

Max Comparison

53

30.0

0.7

29.7

28.5

31.5

22

50

Crab Bank

20

3.3

0.1

3.2

3.1

3.5

2.6

4.2

B

Egg Island Bar

22

3.7

0.1

3.9

3.4

4.0

2.8

5.0

A

Marsh Island

10

2.7

0.1

2.7

2.4

2.9

2.2

3.2

C

WBC (103/µL)

51

21.9

1.1

20.1

19.6

24.2

8.7

46.1

Heterophils (103/µL)

51

10.2

0.7

9.1

8.8

11.6

3.0

31.3

Lymphocytes (103/µL)

51

8.7

0.5

7.8

7.6

9.8

3.1

19.0

Monocytes (103/µL)

51

0.6

0.1

0.5

0.5

0.8

0.0

2.3

Eosinophils (103/µL)

51

1.6

0.2

1.3

1.2

1.9

0.0

6.9

Hematology
PCV (%)
Total solids (g/dL)
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Table 3.2. (Continued)
Health parameters

N

Mean

SE

Median

LCL

UCL

Min

51

0.8

0.1

0.9

0.7

0.9

0.0

1.9

53

187.2

3.2

189

180.7

193.7

65

219

Crab Bank

20

136.7

1.2

138.5

134.1

139.3

129

145

B

Egg Island Bar

22

142.0

1.5

143

138.8

145.1

113

148

A

Marsh Island

10

138.0

0.4

138

137.0

139.0

135

140

B

Potassium (mmol/L)

52

3.5

0.1

3.5

3.3

3.7

0.1

5.1

CO2 (mmol/L)

52

23.6

0.6

23

22.4

24.8

0

29

BUN (mg/dL)

52

3.5

0.1

3

3.2

3.7

2

6

Creatinine (mg/dL)

48

0.3

0.0

0.2

0.2

0.3

0.1

1.1

Calcium (mg/dL)

53

9.4

0.4

10.1

8.7

10.1

0.5

11.3

Phosphorus (mg/dL)

53

6.9

0.1

7.0

6.8

7.1

5.4

8.1

Basophils (103/µL)

Max Comparison

Plasma biochemistry
Glucose (mg/dL)
Sodium (mmol/L)

68

Table 3.2. (Continued)
Health parameters

N

Mean

SE

Median

LCL

UCL

Min

Max Comparison

Uric acid (mg/dL)

53

9.6

0.6

9.7

8.4

10.9

3.1

30.1

AST (U/L)

53

131.5

8.1

122

115.3

147.7

47

468

ALT (U/L)

52

26.6

1.2

25.5

24.2

29.1

13

70

LDH (U/L)

52

6417.1

305.8

6249.5

5803.3

7031.0

2169

13692

Crab Bank

21

1395.1

147.1

1270

1088.3

1702.0

581

4081

A

Egg Island Bar

22

1197.5

84.8

1119.5

1021.2

1373.9

679

1985

A

Marsh Island

10

743.6

51.3

784.5

627.6

859.6

440

918

B

Crab Bank

21

8.8

0.2

9

8.3

9.2

7

11

A

Egg Island Bar

22

8.8

0.3

9

8.2

9.3

6

11

A

6

6.3

0.2

6

5.8

6.9

6

7

B

CPK (mg/dL)

69
GGT (mg/dL)

Marsh Island

Table 3.2. (Continued)
Health parameters

N

Mean

SE

Median

LCL

UCL

Min

Max Comparison

Crab Bank

21

845.3

21.0

816

801.6

889.1

695

1039

B

Egg Island Bar

22

936.5

26.8

917

880.8

992.3

762

1212

A

Marsh Island

10

696.0

12.2

692.5

668.5

723.5

625

752

C

Crab Bank

21

33.4

3.5

31

26.0

40.8

18

95

B

Egg Island Bar

22

43.4

4.0

38

35.1

51.6

21

104

A

Marsh Island

10

24.7

3.1

26.5

17.8

31.6

1

34

B

Bile acids (umol/L)

52

10.3

1.1

8.3

8.0

12.6

0.8

42.7

Cholesterol (mg/dL)

53

176.1

4.8

174

166.4

185.7

83

271

Triglycerides (mg/dL)

53

51.6

2.7

46

46.2

56.9

28

106

HDL (mg/dL)

43

55.6

1.6

54

52.3

58.8

28

77

Amylase (U/L)

Lipase (U/L)

70
Lipoproteins

Table 3.2. (Continued)
Health parameters

N

Mean

SE

Median

LCL

UCL

Min

Max Comparison

LDL (mg/dL)

43

114.6

4.8

110

104.8

124.3

40

194

VLDL (mg/dL)

43

9.1

0.5

8

8.1

10.1

6

21

53

3.3

0.1

3.2

3.2

3.4

2.4

4.4

Crab Bank

21

0.0

0.0

0.0

0.0

0.0

0.0

0.1

C

Egg Island Bar

22

0.1

0.0

0.0

0.0

0.1

0.0

0.3

B

Marsh Island

10

0.2

0.0

0.2

0.1

0.3

0.1

0.4

A

Albumin (g/dL)

53

1.5

0.0

1.5

1.4

1.6

0.7

2.0

Alpha 1 globulin (g/dL)

53

0.1

0.0

0.1

0.1

0.1

0.1

0.3

Alpha 2 globulin (g/dL)

53

0.5

0.0

0.5

0.4

0.5

0.3

1.4

Beta globulin (g/dL)

53

0.7

0.0

0.7

0.7

0.8

0.2

1.3

Gamma globulin (g/dL)

53

0.4

0.0

0.3

0.3

0.4

0.2

0.9

Protein electrophoresis
Total Protein (g/dL)
Pre-albumin (g/dL)
71

Table 3.2. (Continued)
Health parameters

N

Mean

SE

Median

LCL

UCL

Min

53

1.0

0.0

1.0

0.9

1.0

0.3

1.7

Retinol (ug/mL)

50

1.2

0.0

1.2

1.1

1.2

0.6

1.7

Vitamin E (ug/mL)

50

10.8

0.6

10.5

9.6

12.0

4.0

21.3

A:G ratio

Max Comparison

Vitamins

PCV = packed cell volume; WBC = white blood cells; BUN = blood urea nitrogen; ALT = alanine aminotransferase;
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AST = asparatate aminotransferase; LDH = lactate dehydrogenase; GGT = gamma glutamyltransferase; CPK =
creatine phosphokinase; HDL = high density lipoprotein; LDL = low density lipoprotein; VLDL = very low density
lipoprotein; A:G = albumin:globulin
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Figure 3.2. Health parameters of Brown Pelican nestlings sampled in 2005, 2007, 2008 at
three colonies: Marsh Island and Crab Bank in SC and Egg Island Bar in GA. Plots are
displayed only for parameters that were significantly different among colonies. Colonies
sharing the same letter within a plot are not significantly different based on multiple
comparison tests. Whiskers represent data falling within 1.5 * interquartile range of the
upper and lower quartiles.
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Figure 3.3. Health parameter values that differed between Brown Pelican nestlings with
and without ticks at Egg Island Bar, GA in 2007 and 2008 (P < 0.001 for all). Whiskers
represent data falling within 1.5 * interquartile range of the upper and lower quartiles.
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Discussion
I evaluated health parameters of Brown Pelicans from three colonies in the
southeastern U.S. and present the first report of health assessments for nestlings of the
species. I also add to the literature on reference values for wild populations of Brown
Pelicans and provide measures of novel analytes for the species. Nestlings sampled in this
study were approximately 17 – 30 days old (Eggert and Jodice 2008), a practical age for
capture and field sampling of Brown Pelican nestlings. At this age chicks are still
strongly tied to the nest and as such capture is relatively efficient with minor stress to the
birds. I observed no effect of sex, which cannot be discerned in the field at this
developmental stage, on health parameters despite sex-related differences in health
parameters occurring in adult Brown Pelicans (Wolf et al. 1985, Zaias et al. 2000) as well
as in nestlings of other species (Lanzarot et al. 2005). Therefore, while sex did not appear
to be a significant factor in this study, it should be considered in future assessments of
Brown Pelican health and may be important for addressing research questions of interest.
All nestlings included in the health assessments presented as clinically normal and in fair
to good condition based on physical exams in the field. Indeed, the more robust structural
determination of body condition index showed no significant relationship with any of the
measured parameters. I consider these data to provide a sound baseline from which future
studies can be developed to assess the role of various stressors operating at Brown
Pelican colonies and in nearshore habitats.
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Assessment and comparison of baseline health values
Hematological parameters provide information on an individual’s overall
condition by revealing nutritional and immunological status. PCV of pelican nestlings
measured in this study was within the range measured in chicks of other avian species,
including Laysan Albatross (Phoebastria immutabilis; Work 1996) and Black Stork
(Ciconi nigra; Lanzarot et al. 2005). Production of red blood cells tends to increase with
age (Fair et al. 2007) and PCV was lower in Brown Pelican nestlings than in wild adults
and juveniles measured in other studies (Table 3.3). Leukocyte and differential values can
vary widely among and within species and tend to be more numerous in wild versus
captive birds (Campbell and Dein 1984). In this study, average differential values of
nestlings were slightly higher than those measured by Zaias et al. (2000), which included
wild and captive adult and juvenile Brown Pelicans (Table 3.3). Heterophils comprised
the largest fraction of leukocytes (47%) in nestlings, consistent with previous measures
for the species (Zaias et al. 2000). Heterophils are also the dominant white blood cell type
in Brown Booby (Sula leucogaster) adults and young and, as observed in pelicans,
immature boobies had higher concentration of heterophils compared to adults (Work
1999).
Biochemical parameters offer insight into a range of health indices including
organ system function, nutritional condition, enzyme activity, and electrolyte levels. With
few exceptions, biochemical parameters of Brown Pelican nestlings generally fell within
the range of previously published values for wild individuals (Table 3.3). One exception
was phosphorus values, which were higher in this study than in published values for wild
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individuals. Bone growth and other changes during nestling development likely account
for elevated phosphorus in this study (Wolf et al. 1985).
Enzyme concentrations can be useful for evaluating organ function, tissue
damage, and non-specific contaminant exposure although, particularly in studies of wild
birds, enzyme levels can also reveal stress encountered during the capture process
(Newman et al. 1997, Harris 2009). The enzymes ALT and GGT were lower in nestling
Brown Pelicans than in previously published levels for pelicans (Table 3.3), and
compared to Black Stork nestlings (Lanzarot et al. 2005) and juvenile and adult Brown
Pelicans (Table 3.3), LDH values in this study were elevated and AST levels were low.
Considered together, high concentrations of AST and CPK can indicate a capture stress
effect while elevated AST with low CPK values indicate liver disease. In this study, CPK
values varied significantly among colonies despite employing identical capture and
handling methods at all colonies, which should have elicited similar levels of stress in
nestlings. It is possible, however, that processing time, which was not measured in this
study, may have varied among colonies and contributed to elevated CPK values. Enzyme
concentrations of nestlings from Crab Bank and Egg Island Bar were significantly higher
than nestlings from Marsh Island but were similar to published values for juvenile and
adult Brown Pelicans (Table 3.3). CPK values measured in nestlings from Marsh Island
were within the range of Black Stork and Brown Booby chicks (Work 1999, Lanzarot et
al. 2005).
This study provides the first reference values for free-living Brown Pelican
nestlings of vitamin E, retinol, and a full array of lipoproteins, which vary with lipid

77

metabolism and can be useful indicators of nutritional condition. Vitamin E is an
antioxidant important for preventing damage to cellular membrane and deficiencies can
lead to myopathy in Brown Pelicans (Shivaprasad et al. 2002). Retinol is an essential
vitamin that maintains epithelial surfaces, supports immune function, and can serve as a
biomarker for exposure to contaminants, specifically organochlorines (Grasman et al.
1996, Rolland 2000). Nestling values of cholesterol and triglyceride, which have been
previously measured in older Brown Pelicans, were similar to previous values reported
for wild individuals (Table 3.3).
Since plasma protein concentrations vary by species, determining species-specific
fractions of albumin and globulin by electrophoresis evaluation is important for providing
a relevant baseline. Total protein is comprised of albumin and globulins, and can be an
indicator of dehydration (if PCV is also elevated), nutritional status, immune response,
disease, and a non-specific indicator for contaminant exposure (Grasman et al. 2000b,
Harris 2009). Total protein levels in Brown Pelican nestlings were lower than previously
published values for the species (Table 3.3), which are most likely due to age-related
differences. Pre-albumin is another plasma protein that likely acts as a carrier, though its
function is largely unknown, and the presence and size of this fraction varies by species
(Harris 2009). This study included many individuals that lacked a pre-albumin fraction,
also reported by Zaias et al. 2000, which suggests this is not a significant protein fraction
for the species. Albumin levels in nestlings were similar to values in older hatch-year and
wild adult pelicans but lower than values for fledglings (Table 3.3). Alpha and beta
globulins are acute phase proteins associated with the inflammation response. High levels
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of the former can be indicative of parasitism while elevated levels of beta globulins are
associated with chronic infections, such as Aspergillosis. Globulins are non-specific
indicators that can be influenced by a number of factors, including age. In this study, all
globulin levels were lower than a combined sample of adult and juvenile Brown Pelicans
(Table 3.3). Gamma globulins, which are largely comprised of antibodies, can indicate
inflammation or infection (Campbell and Dein 1984) and may be elevated in birds
infected with acute C. psittaci or Aspergillosis (Harris 2009).
Positive serological tests occurred at all colonies. Overall, eight nestlings tested
positive for the C. psittaci antibody, with the greatest prevalence (40% of sample) from
Marsh Island. For wild bird possessing antibodies, C. psittaci infection may only develop
under stressful conditions but can be transmitted even while dormant (Fowler 1986).
Positive Aspergillus tests (n = 15) all occurred for nestlings from Egg Island Bar. Five
individuals tested positive for Aspergillus antigen but not antibody titers, and ten
nestlings tested positive antibody but not antigen titers. The former results may reflect
either background levels of antigen or an active infection in an immunocompromised
nestling (Harris 2009), while the latter results may indicate previous exposure to the
antigen, may be due to maternal transfer of antibodies, or could be false positives.
Though Aspergillus is often considered an affliction of captive birds, it occurs in many
free-living birds, including the American Oystercatcher (Haematopus palliates) in South
Carolina and Georgia (Carlson-Bremer et al. 2010) and seabirds are particularly
susceptible to infection (Friend and Franson 1999). Prevalence of infection in Brown
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Pelicans should be monitored at multiple colonies under varying stressors to better
understand the occurrence of infection for a wild population.

Colony and tick effects
Seven health parameters varied significantly by colony: TS, sodium, lipase,
amylase, CPK, GGT, and pre-albumin. Of these, only TS and CPK are clinically
significant. The low values of TS for pelican nestlings from Marsh Island could suggest
that the health of nestlings at this colony is marginally compromised. Differences in a
number of factors, including hydration levels, diet, and contaminant exposure could
contribute to this colony-scale difference (Grasman 2000a, Grasman 2000b, Newman
2007b). As the number of suitable nesting islands for Brown Pelicans decreases due to
development and habitat alterations it is important to understand factors may limit the
health of populations at multiple scales. Detailed, colony-scale studies are warranted to
determine how natural and anthropogenic stressors operate at the local level within the
southeastern U.S.
Differences in health parameters with regard to tick presence were observed in
22% of the parameters examined. Protein levels showed the most variation between tick
presence categories at Egg Island Bar. Compared to un-infested nestlings, tick-infested
nestlings at Egg Island Bar had higher levels of TP and TS; increases in these measures
without elevated PCV can be indicators of chronic disease and parasitism (Campbell and
Dein 1984). Dissimilarities in A:G were also apparent between groups; this difference
was due to higher levels of alpha-2 and gamma globulins in infested nestlings compared
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to nestlings without ticks at the time of sampling, possibly due to inflammation caused by
the ticks. No significant relationships were found between tick count and health
parameters at Marsh Island, which had the highest tick counts of all the colonies, but the
small sample size may have contributed to these results. More study is needed to
determine the relationship between protein values, immune function, and common
parasites of the Brown Pelican at varying levels of infestation.
TS, amylase, and pre-albumin differed among colonies and between tick presence
groups at Egg Island Bar. In each case, the observed relationship between nestlings with
and without ticks at Egg Island Bar opposed the observed relationship between colonies,
which suggests that the observed colony effect was not a proxy for tick effect and other
factors accounted for colony-level differences. For example, TS was higher for tickinfested compared to un-infested nestlings at Egg Island Bar but the median TS for the
Egg Island Bar sample was significantly higher than for the Marsh Island sample, where
tick presence and tick counts were greater.

Brown Pelicans as indicator species
Range-wide population declines and reproductive failure of Brown Pelicans in the
1950s and 1960s revealed larger issues in the marine system that also impacted other
species. Elimination of the central agents responsible for population declines, namely
organochlorines, resulted in a successful and complete delisting of Brown Pelicans from
the Endangered Species List in 2009 (USFWS 2009). However, threats to pelicans
continue to persist and develop. Recent examples of stressors include but are not limited
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to fluctuating fish stocks and biotoxin exposure in the Pacific breeding range (Anderson
et al. 1980, Work et al. 1993), human disturbance at colonies on the Atlantic Coast
(Eggert unpublished data), and the 2010 BP-Deepwater Horizon oil spill in the northern
Gulf of Mexico (USFWS 2011).
Brown Pelicans remain a valuable indicator of changing ecological and
environmental conditions in nearshore marine habitat throughout its range. The paucity of
data from wild individuals for spatial or temporal comparisons demonstrates the need for
additional studies of marked populations of wild Brown Pelicans over multiple years to
improve estimates of species-specific norms and identify variability due to intrinsic and
extrinsic factors including age, sex, diet, location, and season. I suggest that nestlings
should be included in a long-term monitoring effort of population health as they can be
excellent candidates for determining local effects of environmental change during the
breeding season and health during the nestling stage can affect survival and condition
(Hylton et al. 2006, Nadolski et al. 2006). Combining health evaluations with traditional
demographic, behavioral, and ecotoxicological studies with a multiple-species approach
will provide a more comprehensive understanding of species ecology and the complex
coastal system. Furthermore, monitoring the health and condition of Brown Pelicans
throughout their annual cycle would provide context to better understand how social
interactions and factors encountered during the non-breeding season contribute to overall
health. Results will assist in the management and protection of Brown Pelicans and other
nearshore species. Such evaluations will provide a more complete picture of normal
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conditions and rates of disease and mortality, so that epidemic events can be better
identified, monitored, and remedied.
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Table 3.3. Comparison of health parameters by age from studies of wild populations of Brown Pelicans.
Age category
(Study)
Health Parameter

Nestling

Juvenile

Adult

Adult

(This study)

(Zaias et al. 2000a)

(Zaias et al. 2000a)

(Wolf et al. 1985a)

Mean

SE

N

PCV (%)

30.0

0.7

53

WBC (103/µL)

21.9

1.1

Heterophils (103/µL)

10.2

Lymphocytes (103/µL)

Mean

SE

N

Mean

SE

N

Mean

SE

N

45.5

0.8 44c

44.2

1.0

11

51

16.7

0.7 44c

0.7

51

8.3

0.3 44c

8.7

0.5

51

7.3

0.3 44c

Monocytes (103/µL)

0.6

0.1

51

0.2

0.0 44c

Eosinophils (103/µL)

1.6

0.2

51

0.9

0.2 44c

Basophils (103/µL)

0.8

0.1

51

rare

44c

187.2

3.2

53

208

7

14

Hematology

84

Biochemistrye
Glucose (mg/dL)

188

24.7

9

182

8.7

7

Table 3.3. (Continued)
Parameter

Mean

SE

N

Mean

SE

N

Mean

SE

N

Mean

SE

N

139.2b

0.9

52

149

14.3

9

144

1.5

7

154

1

10d

3.5

0.1

52

7.3

2.0

6

5.7

0.4

7

3.8

0.5

9d

CO2 (mmol/L)

23.6

0.6

52

24

1.3

9

23

0.8

7

14

1

10d

BUN (mg/dL)

3.5

0.1

52

8.4

1.6

9

5.9

0.9

7

Creatinine (mg/dL)

0.3

0.0

48

0.8

0.1

9

0.9

0.1

10

Calcium (mg/dL)

9.4

0.4

53

9.5

0.4

9

9.8

0.3

7

9.4

0.1

10d

Phosphorus (mg/dL)

6.9

0.1

53

5.6

0.3

12

5.5

0.3

10

4.9

0.4

10d

Uric acid (mg/dL)

9.6

0.6

53

13.5

2.6

7

16.9

2.6

7

9.4

0.8

12

AST (U/L)

131.5

8.1

53

276

39.5

11

307

33.5

11

ALT (U/L)

26.6

1.2

52

47

7.8

12

50

9.0

11

LDH (U/L)

6417.1

305.8

52

3812

789.1

6

3837

861.8

7

CPK (mg/dL)

1190.2b

75.1

53

1187

113.8

10

1229

209.2

11

GGT (mg/dL)

8.5b

0.2

49

10.6

0.6

11

11.5

0.9

11

Sodium (mmol/L)
Potassium (mmol/L)
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Table 3.3. (Continued)
Parameter

Mean

SE

N

Mean

SE

N

Mean

SE

N

855.0b

18.4

53

989

44.0

9

1106

31.0

7

35.9b

2.4

53

54

12.7

12

40

5.4

11

176.1

4.8

53

117

9.0

9

113

4.5

7

51.6

2.7

53

58

11.3

9

67

23.1

7

3.2

0.1

53

4.3

0.2

12

5

0.4

11

0.1b

0.0

53

----f

----f 51c

Albumin (g/dL)

1.5

0.0

53

2

0.1 51c

Alpha 1 globulin (g/dL)

0.1

0.0

53

0.3

0.0 51c

Alpha 2 globulin (g/dL)

0.5

0.0

53

0.7

0.0 51c

Amylase (U/L)
Lipase (U/L)

Mean

SE

N

188

8.0

14

4.5

0.3

14

Lipoproteins
Cholesterol (mg/dL)
Triglycerides (mg/dL)
86
Protein electrophoresis
Total Protein (g/dL)
Prealbumin (g/dL)

Table 3.3. (Continued)

Parameter

Mean

SE

N

Mean

SE

N

Mean

SE

N

Beta globulin (g/dL)

0.7

0.0

53

0.9

0.0 51c

Gamma globulin (g/dL)

0.4

0.0

53

0.8

0.1 51c

A:G ratio

1.0

0.0

53

0.8

0.0 51c

Mean

SE

N

0.6

0.0

14

PCV = packed cell volume; WBC = white blood cells; BUN = blood urea nitrogen; ALT = alanine aminotransferase; AST =
asparatate aminotransferase; LDH = lactate dehydrogenase; GGT = gamma glutamyltransferase; CPK = creatine
phosphokinase; A:G = albumin:globulin
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a

Blood samples taken during non-breeding season (December - May) from Brown Pelicans captured in Florida.

b

Colonies combined for comparison, though differences apparent at P < 0.001. See Table 3.2 for colony specific values.

c

Sample includes captive and wild adults and juveniles, male and females; no difference between groups apparent at P < 0.001.

d

Individuals assumed to be 'non-layers' based on sex or values of calcium, phosphorus, and triglycerides.

e

Plasma biochemical values in this study and Zaias et al. 2000. Serum biochemical values in Wolf et al. 1985.

f

Lacked a distinctive fraction.
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CHAPTER FOUR
REGIONAL DIFFERENCES IN MERCURY CONCENTRATION FOR TWO
NEARSHORE SEABIRD SPECIES IN THE SOUTHEASTERN U.S.

Introduction
Though mercury is a pervasive environmental contaminant, a complex array of
biogeochemical factors distributes mercury and its ecotoxicological effects unevenly
across ecosystems and species. Mercury is of particular concern for wildlife in its
methylated form, which can impair health, behavior, and reproductive success at elevated
levels and can chronically stress individuals at low levels (Wolfe et al. 1998,
Scheuhammer et al. 2007). Transfer of methylmercury from contaminated prey to
consumer results in biomagnification of the toxin within food webs and, as a
consequence, species at higher trophic levels are more vulnerable to accumulating
harmful concentrations of methylmercury. Thus, the identification of regions and habitats
with high concentrations of methylmercury and the delineation of mercury cycling and
transfer within various habitat types are critical for evaluating threats to wildlife
populations, particularly for those species that are upper-level consumers.
In general, habitats posing the greatest risk of mercury exposure to wildlife are
situated where mercury from anthropogenic sources is deposited locally into the
landscape or is deposited remotely through atmospheric and hydrologic transport (Evers
et al. 2007). Further, these habitats are characterized by geochemical attributes that
facilitate high rates of mercury methylation. Aquatic habitats support abundant
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populations of anaerobic bacteria that transform inorganic mercury into methylmercury
and thereby pose among the greatest risks of mercury exposure for associated wildlife
(Fitzgerald et al. 2007, Scheuhammer et al. 2007). The bioavailability of mercury varies
with habitat type and location, however, regulated by environmental differences in
sediment loads and characteristics, oxygen content, temperature, and salinity
(Hammerschmidt and Fitzgerald 2004, Chen et al. 2009). Thus, bioaccumulation of
methylmercury within and among species in aquatic habitat types may vary over time and
across regions.
Given the close association of high methylmercury concentrations with aquatic
systems, piscivorous waterbirds supported by those systems have served as effective
indicators of mercury availability to wildlife and humans and of spatial variability in
mercury cycling and transfer (Furness and Camphuysen 1997, Evers et al. 2003, Evers et
al. 2005, Evers et al. 2008a). The guild is at an increased risk to the accumulation of
methylmercury owing to their relatively long life spans, position as top-consumers
(Scheuhammer et al. 2007), and reliance on a prey base whose body burden of mercury is
characterized by a high proportion of methylmercury (Bank et al. 2007, Senn et al. 2010).
Waterbirds are also relatively well-studied and easy to sample for methylmercury and
associated biological endpoints of interest (Kushlan 1993, Burger and Gochfeld 2004,
Mallory et al. 2010). While the risk and exposure to methylmercury are reasonably well
documented for aquatic birds from fresh water systems (Scheuhammer et al. 2007, Evers
et al. 2008a), these patterns have been explored to a lesser degree for piscivorous species
from coastal marine habitats. Mercury cycling and transfer through nearshore systems is
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critical to ascertain, however, due to the vast number of species with linkages to coastal
food webs and concentrations of mercury in coastal habitat (Hammerschmidt and
Fitzgerald 2004, Fitzgerald et al. 2007, Chen et al. 2008, Evers et al. 2008b, Senn et al.
2010). Seabirds can serve as indicators of differential rates of mercury exposure across
regions and marine habitat types (Furness and Camphuysen 1997, Eagles-Smith et al.
2009b). Nearshore species are of particular interest for determinations of methylmercury
accumulation within coastal systems due to year-round exposure to mercury in coastal
habitats, where mercury contamination and methylation rates are high (Fitzgerald et al.
2007, Hall et al. 2008, Chen et al. 2009). Furthermore, variability in methylmercury
exposure may be evident in marine systems at a regional scale (Chen et al. 2008),
particularly for wide-ranging species such as seabirds. Intra-specific comparison of
mercury accumulation in seabirds occupying similar habitat types in different regions
could be a means to reveal the effect of environmental factors influencing mercury
deposition, transfer, and cycling at broad scale.
Within an area or habitat type, species with overlapping diets or foraging ranges
may be exposed differentially to mercury due to subtle differences in diet composition,
foraging habitat exploitation, and local environmental conditions (Catry et al. 2008,
Eagles-Smith et al. 2009b, Young et al. 2010, Hipfner et al. 2011). For example, body
burdens of mercury within fish species can vary across location, diet, and body length
(Bank et al. 2007, Eagles-Smith et al. 2009c, Senn et al. 2010). Multi-species
comparisons of mercury levels therefore provide a means to assess in sympatric seabird
species the various avenues of mercury exposure risk to mercury that may stem from
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subtle differences in diet or habitat selection (Catry et al. 2008, Goodale et al. 2008).
Ratios of diet-derived stable isotopes of carbon (13C) and nitrogen (15N) values can be
used to elucidate the finer details of diet and compare trophic position within and among
species (Hobson 2011). When combined with mercury analysis, stable isotope analysis
can further unravel ecological factors influencing methylmercury bioaccumulation
(Bearhop et al. 2000, Ramos et al. 2009a, Senn et al. 2010). δ13C reflects sources of
primary production and in marine systems indicates offshore/pelagic to inshore/benthic
inputs along an increasing gradient (Koch 2007). δ15N increases predictably from prey to
consumer in marine systems (Hobson et al. 1994, Michener and Kaufman 2007).
Typically both stable isotopes correlate positively with mercury concentrations, though
this is not always the case (Nisbet et al. 2002, Hipfner et al. 2011).
In this study, I evaluated mercury concentrations and δ13C and δ15N values for
two piscivorous species of nearshore seabird, the Brown Pelican (Pelecanus occidentalis)
and the Black Skimmer (Rynchops niger). Both species were sampled along the
southeastern U.S. coasts of the Gulf of Mexico and Atlantic Ocean, where populations of
each species concentrate during the breeding and non-breeding seasons. The abundance
of wetland and estuarine habitat along the coasts of the Gulf of Mexico and Atlantic
Ocean seem to favor high rates of methylmercury production and bioaccumulation in
coastal food webs, making mercury exposure a particular conservation concern for
species in the regions (Hall et al. 2008, Chen et al. 2009, Senn et al. 2010). Furthermore,
rates of mercury transfer from the atmosphere to aquatic habitats in the southeastern U.S.
are among the highest in the nation (Bradley and Journey 2012). Regional differences in
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mercury concentrations have been found between Gulf of Mexico and Atlantic
populations of upper-trophic level marine fish. For example, mackerel (Scomberomorus
spp.) populations from the Gulf of Mexico have higher levels of mercury than
populations sampled from the Atlantic coast of the southeastern U.S. (Adams and
McMichael 2007, Glover et al. 2010). Broad-scale studies of mercury in nearshore
seabirds are lacking, however, and could provide new insights into mercury cycling and
transfer within coastal habitats in the southeastern U.S.
In addition to comparing mercury concentrations between Brown Pelicans and
Black Skimmers and between the Atlantic and Gulf of Mexico populations, I also
considered a suite of factors to explain potential variation in mercury concentrations.
Capture date was considered to account for temporal variation in mercury concentrations
due to ecological processes or due to biological processes such breeding and molt.
Depuration of methylmercury through the production of eggs and feathers can reduce the
body burden of the toxin (Wolfe et al. 1998, Bond and Diamond 2009). Species, sex, and
age can affect bioaccumulation of mercury in sympatric species due to differences in
elimination pathways (Becker et al. 2003, Eagles-Smith et al. 2009a, Ackerman et al.
2011) and exploitation of resources (Eagles-Smith et al. 2009b). I therefore compared
mercury values between age classes and explored the use of δ13C and δ15N values as
indicators of foraging ecology. Finally, I examined the relationship between mercury
concentrations and body mass, which generally varies by sex for Brown Pelicans and
Black Skimmers (Quinn 1990, Shields 2002, Mariano-Jelicich et al. 2007) and therefore
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may have implications for diet (Mariano-Jelicich et al. 2008) and the accumulation of
mercury (Becker et al. 2002).

Methods
Study species
This study focused on the Brown Pelican and Black Skimmer, two wide-ranging
seabird species dependent on nearshore and estuarine habitat throughout the annual cycle.
In the southeastern U.S., menhaden (Brevoortia spp.) constitute the majority of the
Brown Pelican diet though mullet (Mugil spp.) and anchovy (Anchoa spp.) are also
frequently consumed (Shields 2002, Showalter 2010). In comparison, the diet of Black
Skimmers is generally more taxonomically varied and comprised of smaller fish.
Common prey include killifish (Fundulus spp.), silverside (Menidia spp.), sheepshead
minnow (Cyprinodon variegates), mullet, anchovy, and menhaden (Black and Harris
1983, White et al. 1984, King 1989, Mariano-Jelicich et al. 2008). Both species nest
colonially, Brown Pelicans on the ground or in shrubs or trees and Black Skimmers on
open, sandy beach habitat, salt marshes, and occasionally on rooftops. In the southeastern
U.S. the breeding season for Brown Pelicans extends from April through August and, for
Black Skimmers, from May through August. Both species remain gregarious throughout
the year but migration patterns vary within and among breeding populations (Gochfeld
and Burger 1994, Shields 2002). During the non-breeding season, individuals of both
species breeding in the southeastern U.S. may travel short to moderate distances from
their colony, joined by con-specifics breeding at more northern locations, or may travel
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longer distances to south Florida and Latin America (Schreiber and Mock 1988, Snipes
and Sanders 2011, Eggert et al., unpublished data).

Study sites
Several teams of biologists sampled Brown Pelicans and Black Skimmers at
multiple sites along the northern Gulf of Mexico (GOM) and the Atlantic coast of the
southeastern U.S. (ATL) (Figure 4.1). Capture sites for Black Skimmers generally
consisted of open, sandy beach habitat on estuarine and barrier islands along both coasts,
including sites within Baptiste Collette, Pass A Loutre Wildlife Management Area,
Zinzin Bay, Bastian Bay, Schofield Bay, and Grand Isle State Park in Louisiana, at Cape
Romain National Wildlife Refuge, Breach Inlet, Crab Bank, Kiawah Island, and
Prichards Island in South Carolina, and on Tybee Island and St. Simon’s Island in
Georgia. Brown Pelicans were captured in bays and along banks of tidal creeks in the
northern Gulf of Mexico, including Cox Bay, Quarantine Bay, Bay Long, Bayou Cook,
Dymond Island, Dead Woman’s Pass, Spanish Point, and Lake Washington in Louisiana
and Bay St. Louis in Mississippi. On the Atlantic Coast pelicans were captured in the
stretch of the Intracoastal Waterway from Charleston Harbor to Dewees Island and along
banks of nearby tidal creeks. Sites within both regions are used by waterbirds, including
the focal species in this study, during breeding and non-breeding seasons.
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Figure 4.1. Capture sites of Black Skimmers and Brown Pelicans sampled for mercury
and stable isotope determinations. Sites were located in Louisiana and Mississippi in the
Gulf of Mexico region (GOM; inset A) and in South Carolina and Georgia in the Atlantic
Ocean region (ATL; insets B and C).
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Field procedures and sample collection
Capture and sampling of birds occurred from July 2010 – February 2011. Most
Black Skimmers were captured with noose mats made of monofilament line and
hardware cloth, placed at frequented loafing locations. A small number of Black
Skimmers were captured using an array of mist nests or by hand. In the Gulf of Mexico,
Brown Pelicans were primarily captured using modified leg-hold traps placed on manmade structures such as pilings. Net guns were the main capture device used along the
Atlantic coast. Upon capture, birds were banded and weighed using spring scales of
appropriate size for each species (Black Skimmers: ± 5 g, Brown Pelicans: ± 50 g). Age
of birds was categorized as hatch year (HY, hatched during 2010) or after-hatch year
(AHY, hatched prior to 2010) based on plumage characteristics. The breeding status of
birds during the 2010 breeding season was unknown due to the capture methods and
timing of capture. Three pelicans, 1 AHY and 2 HY, were collected for rehabilitation
along the Gulf of Mexico.
Blood and feathers were collected from birds for mercury and stable isotope
analysis. Both tissues are useful indicators of mercury levels and valuable tools for stable
isotope analysis, though the information obtained by each is different. Blood reflects
recent dietary intake of methylmercury, 13C, and 15N, while feathers record the body
burden of the toxin and stable isotopic composition of diet at the time of feather
formation (Bearhop et al. 2000, Evers et al. 2005, Inger and Bearhop 2008). Whole blood
was collected into heparinized hematocrit tubes (typically 2 – 4 tubes per bird,
approximately 75 µl each) from venipuncture of the brachial or metatarsal vein.

101

Hematocrit tubes were sealed on both ends with sealing clay or Critocaps® and then
stored and shipped frozen until analysis. A matched-pair of secondary feathers was
collected for analysis from all pelicans and AHY skimmers; 2 - 3 tail coverts were also
collected from sampled birds. Scissors were used to clip the calamus of each feather as
close to the skin as possible. Sample collection coincided with molt for both species and
so samples include a mix of recently molted feathers and feathers from the previous molt
cycle. Feathers were placed in labeled envelopes, sealed, and stored at room temperature
until analysis. The majority of mercury in blood and feathers of birds is methylmercury
(> 90% for each; Fournier et al. 2002, Evers et al. 2005, Bond and Diamond 2009). I
therefore present total mercury values as a surrogate for methylmercury since laboratory
analysis and costs are more efficient for the former. All mercury concentrations presented
in this paper are total mercury (hereafter, mercury) values.

Mercury analysis
A Direct Mercury Analyzer (DMA-80; Milestone, Shelton, Connecticut) was used
to measure total mercury concentrations in blood and feather samples at the Biodiversity
Research Institute Mercury Laboratory following EPA method 7473 (U.S. Environmental
Protection Agency 2007). A quality assurance and quality control series consisting of
blanks, blank sample trays, and the standard reference materials Dorm-3 and Dolt-4 was
run following approximately every ten samples. Mean recovery of Dorm-3 was 0.40 μg/g
(n=28, certified range = 0.32 - 0.44 μg/g) and mean recovery of Dolt-4 was 2.45 μg/g
(n=28, certified range = 2.36 - 2.80 μg/g). Paired samples of each tissue were analyzed
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approximately every 20 samples and absolute relative difference among duplicates
averaged 7.48 ± 1.99 % (n = 23). Mercury concentrations are based on sample weight,
which was determined prior to analysis. I report mercury concentrations in μg/g as wet
weight (ww) for blood samples and fresh weight (fw) for feather samples. Mercury
concentration was determined for the entire secondary or tail covert feather for skimmers.
Due to the large size of pelican secondary feathers, mercury was measured in a 2-inch
subsample collected from the distal portion of each feather. For a subset of 30 pelicans
there was a strong linear relationship between log-transformed values of mercury for the
subsample and the entire feather (F = 577.9, P < 0.001, R2 = 0.95) and between logtransformed values of mercury in the distal and proximal portions of the feather (F =
134.5, P < 0.001, R2 = 0.83).

Stable isotope analysis
Blood samples for stable isotope determination were analyzed at the Boston
University Stable Isotope Laboratory on an IsoPrime isotope ratio mass spectrometer.
Samples were analyzed using automated continuous-flow isotope ratio mass spectrometry
(Michener and Lajtha 2007). Tin capsules were pre-weighed before adding between 2-3
mg (ww) blood to each capsule. The tin capsule was then dried overnight in a 60°C
drying oven. The tin capsule was weighed again and dry weight of the blood was
determined from the initial and final masses of the tin capsule. The dried capsule was
folded into a cube prior to analysis. Ratios of 13C/12C and 15N/14N were expressed as the
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relative permil (‰) difference between the samples and international standards (Vienna
Pee Dee Belemnite carbonate and N2 in air) where:
δ X= (Rsample/ Rstandard-1) x 1000 (‰)
Where X =13C or 15N and R=13C/12C or 15N/14N
The sample isotope ratio was compared to a secondary gas standard, whose isotope ratio
was calibrated to international standards. For 13CV-PDB the gas was calibrated against NBS
20 (Solenhofen Limestone). 15Nair was calibrated against atmospheric N2 and IAEA
standards N-1, N-2, and N-3. The samples were combusted in a EuroVector Euro EA
elemental analyzer. The combustion gases (N2 and CO2) were separated on a GC column,
passed through a reference gas box and introduced into the GV Instruments all are
ammonium sulfate standards. All international standards were obtained from the National
Bureau of Standards in Gaithersburg, MD. Laboratory standards included peptone and
glycine samples run every 15 samples and indicated measurement error of 0.2‰ δ13C and
0.6‰ for δ15N. Overall, replications were within laboratory specification.

Statistical analysis
I assessed the distribution of mercury concentrations for each species-region
combination using Shapiro-Wilk’s tests and residual plots and log transformed mercury
concentrations to improve normality. To be certain results were not biased by deviations
from normality, I identified outliers using box-and-whisker plots and removed values
exceeding fences from the log-transformed mercury dataset. Mercury data for all species-
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region combinations subsequently conformed to normality. I then used General Linear
Models (e.g. ANOVAs, t-tests; considered robust against moderate deviations from
normality; Rutherford 2001) to conduct all analyses with and without outliers to provide
a more through interpretation of the data. Results are presented only for analyses of the
full dataset (i.e. including outliers) unless differences were detected between model
results. Analyses were performed using JMP 9.0.2 (SAS Institute Inc., Cary, NC, USA).
The level of significance was set at P = 0.05 for all tests but actual P-values are reported
throughout. Backward elimination was used to remove interaction terms with P ≥ 0.10.
Tukey HSD and t-tests were used for post-hoc multiple comparisons. Log-transformed
data are presented as back-transformed least squares means and 95% lower and upper
confidence limits (LCL and UCL) unless otherwise noted. Untransformed data are
presented as means ± standard error (SE).
I first evaluated variation in mercury concentrations due to the effects of species,
region, capture date, and all two-way interactions for each tissue type. The relationship
between age and mercury concentration was assessed in separate models for each species
due to the lack of HY pelicans sampled in ATL. For skimmers, I included age class,
region, and their two-way interaction in the model. Age class was included as the sole
parameter for the GOM pelican sample. I next examined the effect of body mass on tissue
mercury concentrations in AHY birds. Models were constructed separately for each
species and included body mass, region, and their interactive effect in each model.
Finally, I assessed the relationship between mercury concentrations in blood and feather
as a function of species, region, and age class. For the subset of blood samples analyzed
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for stable isotope values, I used ANOVA for a preliminary analysis of variation due to
region and species for δ13C and δ15N values and also explored the relationship between
blood mercury concentration and δ13C and δ15N values for each region separately.

Results
A total of 130 Black Skimmers and 102 Brown Pelicans were sampled for
mercury determination between 19 July 2010 and 9 February 2011 (Table 4.1). Of all
birds sampled (Table 4.2), three blood and six feather mercury values were removed as
outliers. For blood mercury concentrations, these included a HY and AHY Black
Skimmer from the ATL region with the two highest values for the species and a GOM
Brown Pelican with the highest value for the region. Interestingly, the GOM Brown
Pelican was a HY bird collected for rehabilitation, though its mercury load did not exceed
values measured in ATL sample. All outlying feather mercury concentrations were from
Black Skimmers and included two AHY individuals with the two highest values for the
GOM region, three HY individuals with the lowest values for the ATL sample, and a HY
from the ATL region with the highest value for the species.
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Table 4.1. Range of capture dates and mean body mass for Black Skimmers and Brown
Pelicans from the southeastern U.S. coast of the Gulf of Mexico (GOM) and Atlantic
Ocean (ATL). Age was categorized as hatch year (HY) or after hatch-year (AHY).
Capture date
Species

Region

Age

N

Earliest

AHY 55

29-Jul-2010

Body mass (g)
Latest

N

Mean

SE

8-Jan-2011 55

321.2

7.3

7

305.6

31.4

GOM
Black

HY

Skimmer

7

8-Aug-2010

22-Dec-2010

AHY 53

6-Aug-2010

9-Feb-2011 53

329.5

7.7

8-Nov-2010

28-Jan-2011 15

321.7

13.3

19-Jul-2010 11-Nov-2010 43

3258.4

54.0

17

20-Jul-2010

25-Sep-2010 14

3201.4

142.8

AHY 42

23-Nov-2010

19-Dec-2010 42

3514.9

55.1

ATL
HY

15

AHY 43
Brown

GOM
HY

Pelican
ATL
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Table 4.2. Geometric mean, lower and upper 95% confidence limits, and range of tissue mercury concentrations for all data
collected from Black Skimmers and Brown Pelicans from the southeastern U.S. coast of the Gulf of Mexico (GOM) and
Atlantic Ocean (ATL). Age was categorized as hatch year (HY) or after hatch-year (AHY).

Species

Region

Age

Blood mercury concentration (µg/g)

Feather mercury concentration (µg/g)

N

N Mean LCL UCL Min

AHY 55

Mean LCL UCL Min Max

Max

0.19

0.17

0.22 0.10 0.47 50

3.26

2.75

3.86 1.22 23.15

7

0.11

0.06

0.20 0.06 0.30

7

0.85

0.56

1.29 0.56

AHY 53

0.55

0.49

0.60 0.28 1.92 53

5.82

5.28

6.41 2.81 12.53

15

0.61

0.49

0.77 0.37 1.81 15

5.32

2.99

9.47 0.59 31.63

AHY 39

0.07

0.06

0.08 0.03 0.15 42

1.66

1.38

1.99 0.43

5.55

17

0.09

0.07

0.12 0.04 0.31 15

0.78

0.47

1.28 0.27

8.65

AHY 42

0.21

0.18

0.24 0.08 0.59 42

2.76

2.37

3.20 1.19

8.81

GOM
HY

2.03

Black Skimmer
ATL
108

HY

GOM
Brown Pelican

HY
ATL

Comparison of mercury by species and region
Mercury concentrations in blood and feathers differed between regions and
between species, and consistent patterns were apparent for each tissue (Table 4.3, Figures
4.2 and 4.3; blood: F3,224 = 228.9, P < 0.001, R2 = 0.75; feathers: F3,220 = 50.9, P < 0.001,
R2 = 0.41). Blood mercury values for the ATL sample (LS mean = 0.35 μg/g, LCL =
0.32, UCL = 0.39) exceeded values for the GOM sample almost three-fold (LS mean =
0.12 μg/g, LCL = 0.11, UCL = 0.13). Feather mercury values for the ATL sample (LS
mean = 4.05 μg/g, LCL = 3.43, UCL = 4.32) were similarly greater than those for the
GOM sample (LS mean = 1.90 μg/g, LCL = 1.62, UCL = 1.94). Black Skimmers had
higher accumulations of blood mercury (LS mean = 0.32 μg/g, LCL = 0.30, UCL = 0.34)
and feather mercury (LS mean = 3.97 μg/g, LCL = 3.54, UCL = 4.45) than Brown
Pelicans (blood: LS mean = 0.13 μg/g, LCL = 0.12, UCL = 0.14; feathers: LS mean =
1.94 μg/g, LCL = 1.70, UCL = 2.21). Capture date and interaction terms did not have a
significant effect on mercury concentrations (P > 0.14 for all).
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Table 4.3. Final models for effects of species, region, and capture date on concentrations
of mercury in blood and feathers of Black Skimmers (BLSK) and Brown Pelicans
(BRPE) sampled from the southeastern U.S. coast of the Gulf of Mexico (GOM) and
Atlantic Ocean (ATL).
Response Variable

Log-transformed blood mercury

Parameter

F-ratio df

P

Effect

Species

260.0

1 < 0.001 BLSK > BRPE

Region

171.2

1 < 0.001

Capture date

0.1

1

ATL > GOM

0.71

Species

66.3

1 < 0.001 BLSK > BRPE

Log-transformed feather mercury Region

28.7

1 < 0.001

Capture date

110

0.1

1

0.73

ATL > GOM

Blood mercury concentration

0.4

0.3

0.2

0.1

0.0

BLSK

BRPE

ATL

GOM

Figure 4.2. Blood mercury concentrations (µg/g) by species and region for Black
Skimmers (BLSK) and Brown Pelicans (BRPE) sampled from the southeastern U.S.
coast of the Gulf of Mexico (GOM) and Atlantic Ocean (ATL). Circles represent least
squares means and bars indicate lower and upper 95% confidence limits; all values have
been back-transformed from log mercury values.
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Feather mercury concentration

5.0

4.0

3.0

2.0

1.0

BLSK

BRPE

ATL

GOM

Figure 4.3. Feather mercury concentrations (µg/g) by species and region for Black
Skimmers (BLSK) and Brown Pelicans (BRPE) sampled from the southeastern U.S.
coast of the Gulf of Mexico (GOM) and Atlantic Ocean (ATL). Circles represent least
squares means and bars indicate lower and upper 95% confidence limits; all values have
been back-transformed from log mercury values.
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Evaluation of mercury by age and body mass
The effects of age and body mass on concentrations of mercury in blood and
feathers were examined separately by species. For Black Skimmers, age class was
included in models with region and their interaction (Table 4.4; blood: F3,126 = 88.9, P <
0.001, R2 = 0.68, feathers: F3,121 = 27.6, P < 0.001, R2 = 0.41). The effect of age class on
mercury concentrations was significantly influenced by region for both blood and feather
mercury concentrations (Figures 4.4 and 4.5) so I performed a separate analysis of age
class effect on mercury values for each region. Blood mercury concentrations of Black
Skimmers were not affected by age class in the ATL region (F-ratio = 1.21, df = 1, P =
0.27) but AHY Black Skimmers in the GOM region had significantly higher blood
mercury values (F-ratio = 9.52, df = 1, P = 0.003; LS means = 0.19, LCL = 0.17, UCL =
0.21) than HY skimmers (LS means = 0.11, LCL = 0.08, UCL = 0.15), though this
relationship did not explain a large degree of variability (R2 = 0.14). These relationships
were consistent for feather mercury values, with AHY Black Skimmers in the GOM
region exhibiting higher mercury values (F-ratio = 33.03, df = 1, P < 0.001, R2 = 0.37; LS
means = 3.26, LCL = 2.78, UCL = 3.83) than HY skimmers (LS means = 0.85, LCL =
0.55, UCL = 1.31). Age class also had a significant effect on mercury levels of Brown
Pelicans sampled in the GOM region (Table 4.4; Figure 4.4 and 4.5) though this effect
was no longer significant when outliers were omitted from blood mercury data (F-ratio =
2.45, df = 1, P = 0.12).
The effect of body mass was evaluated along with location and their interaction
effect for AHY birds of each species (Table 4.4; BLSK blood: F2,105 = 107.7, P < 0.001,

113

R2 = 0.67; BLSK feathers: F2,100 = 20.8, P < 0.001, R2 = 0.29; BRPE blood: F2,78 = 79.1, P
< 0.001, R2 = 0.67; BRPE feathers: F3,80 = 7.8, P < 0.001, R2 = 0.23). Parameter estimates
indicate that body mass had a significant but slight negative effect on blood (-0.001 ±
0.0003) and feather (-0.001 ± 0.0004) mercury concentrations for Black Skimmers,
which suggests that heavier males have lower levels of mercury than lighter females.
However, body mass no longer had a significant effect when outliers were omitted from
feather mercury data for Black Skimmers (F-ratio = 1.20, df = 1, P = 0.28). For Brown
Pelicans, there was no effect of body mass on blood mercury concentrations but a
significant interaction effect between body mass and region for feather mercury
concentrations. When analyzed separately for each region, feather mercury values for
Brown Pelicans in the ATL region increased with body mass (F-ratio = 4.26, df = 1, P =
0.04; parameter estimate = 0.0002 ± 0.00009) though the variability explained by body
mass alone was low (R2 = 0.10). There was not a significant relationship between body
mass and feather mercury values for Brown Pelicans in the GOM region (F-ratio = 0.75,
df = 1, P = 0.39).
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Table 4.4. Final models examining effects of select factors on concentrations of mercury
in blood and feathers of Black Skimmers and Brown Pelicans sampled from the
southeastern U.S. coast of the Gulf of Mexico and Atlantic Ocean. Age class was
categorized as hatch year (HY) or after hatch-year (AHY). Body mass models were
restricted to AHY birds.

Species

Response Variable Parameter
Age class

F-ratio df
4.46

1

P
0.04

Log-transformed
Region

187.94

1 < 0.001

blood mercury
Region * Age class

10.89

1

0.001

Age class

24.95

1 < 0.001

Region

70.86

1 < 0.001

Region * Age class

19.15

1 < 0.001

Black Skimmer
Log-transformed
feather mercury

Log-transformed
blood mercury

Age class

4.36

feather mercury

Age class

13.69

Log-transformed

Body mass

7.65

blood mercury

Region

Log-transformed

Body mass

feather mercury

Region

1

0.04

Brown Pelican
Log-transformed

212.76

1 < 0.001
1

0.01

1 < 0.001

Black Skimmer
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3.83
39.35

1

0.05

1 < 0.001

Table 4.4 (Continued)
Species

Response Variable Parameter
Log-transformed

Body mass

blood mercury

Region

Brown Pelican

Body mass

F-ratio df
0.61
126.34
0.35

1

P
0.44

1 < 0.001
1

0.55

Log-transformed
Region

15.35

1 < 0.001

feather mercury
Body mass * Region
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3.84

1

0.05

0.8

Blood mercury concentration

0.7
0.6
0.5
0.4
0.3
0.2
0.1
0.0

ATL

ATL

GOM

Black Skimmers

GOM

GOM

GOM

Brown Pelicans

Figure 4.4. Comparison of blood mercury concentrations (µg/g) by age class and region
for Black Skimmers and Brown Pelicans sampled from the southeastern U.S. coast of the
Gulf of Mexico (GOM) and Atlantic Ocean (ATL). Age was categorized as hatch year
(open circles) or after hatch-year (filled circles). Circles represent least squares means
and bars indicate lower and upper 95% confidence intervals; all values have been backtransformed from log values.
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8.0

Feather mercury concentration

7.0
6.0
5.0
4.0
3.0
2.0
1.0
0.0

ATL

ATL

GOM

Black Skimmers

GOM

GOM

GOM

Brown Pelicans

Figure 4.5. Comparison of feather mercury concentrations (µg/g) by age class and region
for Black Skimmers and Brown Pelicans sampled from the southeastern U.S. coast of the
Gulf of Mexico (GOM) and Atlantic Ocean (ATL). Age was categorized as hatch year
(open circles) or after hatch-year (filled circles). Circles represent least squares means
and bars indicate lower and upper confidence intervals; all values have been backtransformed from log values.

Comparison of blood and feather mercury
I examined the relationship between blood and feather mercury concentrations as
a function of species, region, and age class. There was a significant positive relationship
between blood and feather mercury concentrations for HY Black Skimmers in the ATL
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region (F-ratio = 15.0, df = 1, P = 0.002, R2 = 0.54), HY Brown Pelicans in the GOM
region (F-ratio = 13.7, df = 1, P = 0.003, R2 = 0.51), and AHY Brown Pelicans in the
ATL region (F-ratio = 8.2, df = 1, P = 0.01, R2 = 0.17). When outliers were removed, the
positive relationship was also significant for AHY Black Skimmers in the GOM region
(F-ratio = 6.12, df = 1, P = 0.02, R2 = 0.12). The remaining tests were not significant (all
F ≤ 2.4, all P ≥ 0.13).

Comparison of δ13C and δ15N values
A subset of individuals analyzed for mercury were included the analysis of δ13C
and δ15N values. This subsample was comprised of blood samples collected from 18
Black Skimmers in the GOM region (15 AHY, 3 HY) and 40 in the ATL region (32
AHY, 8 HY) as well as 20 Brown Pelicans in the GOM region (17 AHY, 3 HY) and 26
in the ATL region (all AHY).
The interaction term between species and region had a moderately significant
effect on δ13C and δ15N values (Table 4.5, Figure 4.6; δ13C: F3,100 = 65.4, P < 0.001, R2 =
0.66; δ15N: F3,100 = 16.7, P < 0.001, R2 = 0.33). When analyzed separately by region, δ13C
values were more depleted for Black Skimmers compared to Brown Pelicans (ATL: Fratio = 6.25, df = 1, P = 0.01; GOM: F-ratio = 28.00, df = 1, P < 0.001). In the GOM
region, δ15N values were more enriched for Black Skimmers compared to Brown Pelicans
(F-ratio = 18.99, df = 1, P < 0.001). In contrast, values of δ15N did not differ between
species in the ATL region (F-ratio = 1.58, df = 1, P = 0.21).
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Blood mercury concentrations of individuals included in the stable isotope
analysis subsample were significantly affected by species and δ15N values in both
regions, but not by δ13C values (Table 4.6). Interaction effects among species and stable
carbon and nitrogen isotopes were not significant (all P > 0.26) and each of the final
models explained a fair amount of variation (ATL: F3,62 = 39.18, P < 0.001, R2 = 0.65;
GOM: F3,34 = 22.39, P < 0.001, R2 = 0.66). Parameter estimates indicate that mercury
concentrations increased with δ15N values in both regions (Figure 4.7; ATL: 0.07 ± 0.02;
GOM: 0.10 ± 0.04).

Table 4.5. Final models examining effects of region and species on stable nitrogen and
carbon isotope values (δ13C and δ15N) of blood samples collected of Black Skimmers
(BLSK) and Brown Pelicans (BRPE) sampled from the southeastern U.S. coast of the
Gulf of Mexico (GOM) and Atlantic Ocean (ATL).
Response
Variable

Parameter

F-ratio

df

P

Species

26.49

1

< 0.001

Region

180.36

1

< 0.001

Effect

δ13C
Species *

BRPE ATL > BLSK ATL > BRPE
3.35

1

0.07

Region

GOM > BLSK GOM

Species

12.99

1

< 0.001

Region

39.32

1

< 0.001

δ15N

BLSK GOM > BRPE GOM = BLSK
Species *
3.66

1

0.06 ATL; BRPE GOM > BRPE ATL;

Region
BLSK ATL = BRPE ATL
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15.5

Black Skimmer ATL (n = 40)
Black Skimmer GOM (n = 18)
Brown Pelican ATL (n = 26)
Brown Pelican GOM (n = 20)

15.0

14.0

15

N (‰)

14.5

13.5

13.0

12.5
-23

-22

-21

-20
13

-19

-18

-17

C (‰)

Figure 4.6. Stable nitrogen and carbon isotope values (δ13C and δ15N; mean ± SE) of
blood samples collected from Black Skimmers and Brown Pelicans sampled from the
southeastern U.S. coast of the Gulf of Mexico (GOM) and Atlantic Ocean (ATL). Sample
sizes are presented in the legend.
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Table 4.6. Final models examining effects of stable carbon and nitrogen isotope values on
blood mercury concentrations of Black Skimmers (BLSK) and Brown Pelicans (BRPE)
sampled from the southeastern U.S. coast of the Gulf of Mexico (GOM) and Atlantic
Ocean (ATL).
Region

Response Variable Parameter

F-ratio

df

P

Effect

δ13C

1.02

1

0.32

δ15N

12.16

1 < 0.001

Species

73.84

1 < 0.001 BLSK > BRPE

Log-transformed
ATL
blood mercury
δ13C

0.46

1

0.50

δ15N

6.37

1

0.02

Log-transformed
GOM
blood mercury
Species

17.69

1 < 0.001 BLSK > BRPE

0.4

ATL
GOM

Log blood mercury concentration

0.2
0.0
-0.2
-0.4
-0.6
-0.8
-1.0
-1.2
-1.4
-1.6
-1.8
10

12

14

16
15

18

20

N (‰)

Figure 4.7. Relationship between log mercury values (µg/g) and δ15N of blood samples
collected from Black Skimmers and Brown Pelicans sampled from the southeastern U.S.
coast of the Gulf of Mexico (GOM) and Atlantic Ocean (ATL).
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Discussion
In this study, I compared mercury concentrations in blood and feathers of Brown
Pelicans and Black Skimmers sampled from Gulf of Mexico and Atlantic populations,
providing the first broad-scale analysis of mercury contamination for seabirds in the
southeastern U.S. Overall, observed mercury concentrations in Black Skimmers and
Brown Pelicans were within the range of coastal species of piscivorous seabirds (Burger
and Gochfeld 1997, Goodale et al. 2008, Eagles-Smith et al. 2009b) and were generally
below thresholds considered to result in adverse effects for other species (Burger and
Gochfeld 1997, Evers et al. 2008a, Heinz et al. 2009). To date, toxicological thresholds of
mercury have not been determined for either species and therefore the probability of
adverse effects should be interpreted cautiously. Previous measures of mercury
concentrations for Black Skimmers and Brown Pelicans during the breeding season are
available from eggs and internal organs, although these analyses also did not investigate
effects levels (King 1985, King et al. 1991, Burger and Gochfeld 1992, Wickliffe and
Bickham 1998, Burger 2002, Showalter 2010). While the sublethal effects of mercury in
birds are most apparent on reproductive success and behavior (Evers et al. 2008a),
exposure during the non-breeding season, as measured here, can be of biological
consequence due to the bioaccumulative characteristics of mercury, which could have
carry-over effects on future breeding attempts. Additionally, sublethal mercury exposure
can compromise individual condition and immune function, and hence may influence
both over-winter survival and future reproductive success (Wolf et al. 1998, Spalding et
al. 2000), particularly when acting in conjunction with other environmental stressors.
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This study suggests that exposure to mercury in the southeastern U.S. may contribute
significantly to the body burden of mercury for some individuals, particularly for Black
Skimmers along the Atlantic coast, that could subsequently have deleterious effects on
reproduction or health.

Species differences in mercury concentrations and foraging ecology
Species differences in mercury concentrations were apparent within each region,
with Black Skimmers consistently demonstrating higher accumulations of mercury in
blood and feathers than Brown Pelicans. Factors that may explain this divergence
between species include variable degrees of mercury uptake, differences in elimination
mechanisms of mercury, individual traits such as age or body mass, or implicit study
design features such as sampling regime. Though the sampling period extended over
several months, capture date had no effect on blood or feather mercury concentrations
when controlling for the effects of species and region, or in combination with those
factors. This could suggest that the nearshore seabirds I sampled during late-breeding,
post-breeding, and wintering periods, when birds are undergoing molt, have similar
dietary exposure to mercury.
The incorporation of mercury into the feather structure during feather
development is a major pathway for depuration of mercury. Relationships between
mercury concentrations in blood and feathers can be tempered by temporal aspects of
feather growth, mercury exposure, and sampling (Braune 1987, Fournier et al. 2002). In
this study, relationships between feather and blood concentrations were insignificant or
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inconsistent among region, species, and age class, even though the majority of tissues
sampled were assumed to be relatively coupled in time. Feather selection may have
affected overall feather mercury values since there in an inverse relationship between
mercury levels in feathers and sequence in the molt cycle (Braune and Gaskin 1987). It is
possible that variability of the molt cycle among individuals contributed to the lack of a
clear pattern or that the inclusion of first (96% of BLSK samples), second (3% of BLSK
samples, 91% of BRPE samples), and third (1% BLSK samples, 9% of BRPE samples)
secondary feathers contributed to some of the variability.
Age and body mass each accounted for small amounts of variability in mercury
concentrations for the two focal species. In the Gulf of Mexico region, adults of both
species had higher feather mercury values and Black Skimmers had higher blood mercury
values compared to juveniles, which is a relationship typical of the more extensive
exposure period for adults (Goodale et al. 2008, Hipfner et al. 2011). Differences
between age classes were not evident or were weak for the other groups examined,
however, hatch-year Black Skimmers from the Atlantic region had higher mean mercury
concentrations than adults, perhaps suggesting differences in selection of prey or forage
habitat. Post-fledging is a period of high mercury risk for juvenile birds (Ackerman et al.
2011) and relatively high mercury concentrations in blood and feathers indicate some
juveniles were exposed to regionally elevated levels in their diet. In fact, one hatch-year
skimmer sampled in November 2010 from the Atlantic region had mercury
concentrations high enough to indicate point source contamination (blood = 1.8 μg/g,
feather = 31.6 μg/g). Mercury levels in fish from South Carolina frequently reach levels
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that surpass critical thresholds for safe consumption and the Edisto River, in particular,
exhibits among the highest degrees of mercury bioaccumulation in predatory fish in the
nation (Bradley and Journey 2012). Interestingly, one of the primary capture sites for
Black Skimmers in Atlantic region, and the site where this juvenile was captured, was
located within the ACE Basin estuary, into which the Edisto River empties. Overall, the
mean mercury values in juvenile Black Skimmer feathers in the Atlantic sample (8.0 ±
1.9 μg/g, N = 15) exceeded previous measures from a breeding colony in New Jersey (3.3
μg/g, Burger and Gochfeld 1997).
Assessments of mercury and stables isotopes within and between species revealed
comparable patterns between the Gulf of Mexico and Atlantic coasts, suggesting similar,
though not identical, trophic structures. Despite likely but unquantified overlap in prey
items and foraging habitat, subtle differences in foraging locations and prey selection
likely account for the observed difference in mercury exposure for Brown Pelicans and
Black Skimmers (Eagles-Smith et al. 2009b). The lack of a significant interaction effect
of species and δ15N on mercury concentrations indicated that mercury biomagnifies with
trophic position in a similar fashion for both species. Consistent with the trophic transfer
of mercury, Black Skimmers fed at a higher trophic level based on δ15N values and had
higher mercury values than Brown Pelicans within the Gulf of Mexico region. No
divergence in δ15N values was apparent in the Atlantic region, however. The apparent
overlap in trophic level in the Atlantic region does not correspond with observed species
differences in mercury values. Further, δ15N values in the Atlantic region were lower than
for either species in the Gulf of Mexico region. Together, these results suggest that
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complex regional interactions among environmental factors and anthropogenic mercury
create slight alterations in food webs reflected in the foraging ecology of these high-level
consumers (Griffin et al. 2001, Adams and McMichael 2007, Akin and Winemiller 2008,
Eagles-Smith et al. 2009b, Senn et al. 2010).
Within coastal areas, mercury is found in higher concentrations in tidal creeks,
shallow estuarine waters, and water-land margins (Hall et al. 2008). These shallower
inshore areas are favored by Black Skimmers for foraging compared to deeper nearshore
waters and open bays where Brown Pelicans typically forage (Black and Harris 1983,
Gochfeld and Burger 1994, Shields 2004). Contrary to these observations, preliminary
analysis of δ13C indicated a more marine base to the diet of Black Skimmers in both
regions compared to Brown Pelicans. Seasonal changes in habitat use by consumers and
their prey can affect stable isotope ratios and bioaccumulation of mercury. For Black
Skimmers, diet may shift to a more pronounced consumption of offshore species during
the non-breeding season (Favero et al. 2001, Mariano-Jelicich et al. 2008) although this
has yet to be described in U.S. populations. It is also possible that δ13C values for Brown
Pelicans were enriched with the inclusion in their diet of benthic items discarded from
fishing vessels as bycatch (Arcos et al. 2002, Jodice et al. 2011).

Regional differences in foraging ecology
Despite similarities in inter-specific relationships within regions, regional
differences in δ13C values, which indicate the carbon source in food webs (Inger and
Bearhop 2008), were apparent. In the Gulf of Mexico, δ13C values were low on the
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marine spectrum (BRPE: -20.3 ± 0.3‰, BLSK: -22.1 ± 0.2‰), suggesting diets derived
from marine phytoplankton (-22.7‰), and approaching terrestrial levels of carbon inputs
(~-24.0‰; Thayer et al. 1983, Michener and Kaufman 2007). Enriched δ13C values were
found for each species in the Atlantic region (BRPE: -17.3 ± 0.2, BLSK: -18.1 ± 0.2)
compared to either species from the Gulf of Mexico region, yet are similar to δ13C
measures from other seabirds studies (e.g. Ramos et al. 2009b, Young et al. 2010,
Hipfner et al. 2011). Regional differences in δ13C values in this study highlight the need
to interpret spatial comparisons of isotopes cautiously. In the case of this study, however,
the distinct regional δ13C signatures for both focal species indicate species maintained
discrete ranges prior to sampling during a period when they can be wide-ranging along
the southeastern coast.
Mercury concentrations and stable isotope values in Black Skimmers and Brown
Pelicans strongly support regional differences in the bioaccumulation of mercury though
nearshore systems. Whether due to background levels, deposition rates, cycling within
the coastal habitats, or transfer within food webs, mercury appears to be more available to
top-level consumers, particularly Black Skimmers, within the Atlantic region. For
example, in all cases blood mercury values of Black Skimmers from the Atlantic region
were twice as high as intra- and inter-specific counterparts. Conversely, δ15N values
differed by region such that both species in the Gulf of Mexico region had more enriched
δ15N values and may be positioned at a higher trophic level than either species in the
Atlantic region. Because δ15N and mercury concentrations exhibited the predicted
positive relationship within region, regional differences in mercury availability and stable
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isotope values are likely strongly influenced by environmental factors. Processes related
to production and biomagnification of methylmercury and the effect of environmental
factors on these processes are not fully understood for estuarine and coastal systems
(Fitzgerald et al. 2007).
River discharge exerts a strong influence on mercury, sediment, and nutrients in
the vicinity of the capture sites in the Gulf of Mexico and Atlantic regions (Dame et al.
2000, Hall et al 2009). Deposition of mercury in sediment is greater close to river outflow
(Rice et al. 2009) and the availability of methylmercury to wildlife in coastal systems is
largely dependent on sediment levels and microbial activity along these margins
(Hammerschmidt and Fitzgerald 2006, Hall et al. 2008). Riverine inputs have a
particularly significant influence on mercury transfer through the nearshore food web in
the Gulf of Mexico region (Hall et al. 2008) and regional differences in mercury and
stable isotope values support this observation (Michener and Kaufman 2007). Separate
studies of estuarine habitats using stable isotope analysis found that terrestrial inputs of
organic matter were significant in a Mississippi marsh but not important in a Georgia
marsh (Michener and Kaufman 2007 and references within). Dissolved organic matter
appears to have a prominent regulatory role in methylmercury production in the
nearshore system and is capable of enhancing or inhibiting methylation of mercury (Hall
et al. 2008). In fact, the input of large quantities of terrestrial organic matter or nutrients
from the Mississippi River that support hyperconcentrations of algae could act to limit or
biodilute the entry of methylmercury into coastal food webs in the Gulf of Mexico region
(Pickhardt et al. 2002, Hammerschmidt and Fitzgerald 2004, Fitzgerald et al. 2007, Hall
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et al. 2008). It is clear that a complex array of factors influence bioaccumulation of
mercury in the nearshore environment in the southeastern U.S. Future investigations of
mercury exposure to piscivorous seabirds would benefit from comprehensive food web
studies that incorporate foraging observations and stable isotope determinations to
elucidate the species and regional differences observed in this study.

Conclusions and recommendations
This study provides an assessment of mercury risk to nearshore seabirds that
revealed differences in mercury accumulation by species and region. Species
comparisons highlight that trophic level is a significant factor in assessing risk of
mercury exposure and that risk of mercury exposure should not be generalized based
solely on diet type, prey size, and foraging guild. The species I examined forage
primarily on fish in nearshore and estuarine waters, however, size differences between
the species and the prey they consume and even life span would favor Brown Pelicans
having higher body burdens of mercury than Black Skimmers. Instead, Black Skimmers
consistently had higher mercury concentrations compared to Brown Pelicans, a finding
which supports previous multi-species assessments that suggest Black Skimmers are a
particularly good indicator of mercury risk in the nearshore environment (King and
Cromartie 1986, Burger and Gochfeld 1997, Burger 2002). Based on the elevated values
of mercury observed for some Black Skimmer individuals, there is greater potential in the
Atlantic region compared to the Gulf of Mexico for the accumulation of sublethal
concentrations of mercury capable of eliciting adverse effects. Continued assessment of
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mercury concentrations in the Atlantic southeast, where rates of mercury deposition are
among the highest in the nation (Bradley and Journey 2012), should incorporate measures
of reproductive endpoints, behavior, and health to assess potential effects. Given the
variability of species in sensitivity to mercury accumulation and effects (Eagles-Smith et
al. 2009a, Heinz et al. 2009) and the higher mercury concentrations measured for the
Atlantic region, it would be prudent to examine mercury bioaccumulation in a broader
suite of seabirds in the region that have overlapping diets, such as Royal Terns
(Thalasseus maximus), Sandwich Terns (Thalasseus sandvicensis), and Gull-billed Terns
(Gelochelidon nilotica), to further elucidate the transfer of mercury through the coastal
food web during breeding and non-breeding seasons. Overall, regional differences in
mercury concentrations suggest that mercury deposition, cycling, and transfer within food
webs varies between nearshore habitats along the coasts of the southeastern U.S.
Ultimately, it appears that differences in mercury cycling and transfer within the
nearshore system result in a greater bioavailability of mercury in the Atlantic region and
place Black Skimmers at greater risk of mercury effects than Brown Pelicans.
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CHAPTER FIVE
CONCLUSIONS AND RECOMMENDATIONS

Conservation of seabirds is a priority in the southeastern U.S., and habitat
protection and health risks are primary concerns for regional species protection (Hunter et
al. 2006). Habitat management and monitoring of population health and trends are critical
tools for mitigating threats to seabirds and maintaining healthy coastal ecosystems
(Hunter et al. 2006, Acevedo-Whitehouse and Duffus 2009). With this dissertation, I (1)
demonstrate that intertidal areas are a critical component of habitat for seabirds during
the breeding season, (2) provide a comprehensive review of baseline health data for
Brown Pelican (Pelecanus occidentalis) nestlings, and (3) document differential mercury
risks to Brown Pelicans and Black Skimmers (Rynchops niger) from two regions in the
southeastern U.S.

Chapter Two: Intertidal bird use
Though not used for nesting, sandy beach habitat along the perimeter of Deveaux
Bank, South Carolina was used consistently by over 30 species of seabirds and shorebirds
during the breeding season (Table 2.2). Surveys averaged over 500 birds each, and
included 10 species that bred on the island and hatch-year birds in all months except
May. Using generalized linear mixed models, I examined the temporal and local- and
landscape-scale spatial relationships of bird use and behavior for five species groups.
Bird use peaked in late July to early August when hatch-year seabirds relocated to the
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intertidal zone and shorebirds stopped over during early fall migration (Figure 2.3). Birds
were also unevenly distributed within and across the intertidal area (Figure 2.5). For
example, between 50 – 75% of all birds were located in the lower beach during the study
(Table 2.4). Human use tends to be higher within the lower beach (Lafferty 2001, Meager
et al. 2012), which highlights the importance of considering within-beach location if
determining areas where bird and human use overlap for protective measures.
In a recent review of 69 studies on the impacts of human disturbance to birds, in
which a third of the studies focused on shoreline habitat, negative effects to birds were
determined in nearly 90% of the studies (Steven et al. 2011). In this study, human use had
a significant but inconsistent effect on bird abundance and behavior in the intertidal zone
and data indicate that limiting the degree of human use could positively impact bird
abundance and behavior in preferred intertidal habitat and prevent the forfeit of otherwise
suitable habitat (Table 2.6). In general, habitat use relationships based on the course-scale
characteristics I measured varied by species, which may be attributed to the dynamic
nature of coastal habitat (Meager et al. 2012). Ultimately, this study suggests partial
closure of intertidal areas through standard set-back distances (Erwin 1989, Rogers and
Smith 1995) would be difficult to design, implement, and enforce on seabird nesting
islands and would inadequately protect significant bird use areas. Given the limited
number of islands meeting requirements for seabird nesting and the emphasis on habitat
protection as a priority action for protecting seabirds in South Carolina (Kohlsaat et al.
2005), managing intertidal areas as an essential component of breeding habitat on seabird
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nesting islands would serve to maintain or improve habitat quality for numerous species
at multiple scales and could contribute to overall fitness of coastal bird species.

Chapter Three: Health assessments of Brown Pelican nestlings
Avian health assessments can enhance understanding of the ecological and
demographic mechanisms that regulate waterbird populations and can be effective in the
identification of short- and long-term changes in the environment (Kushlan 1993,
Newman et al. 2007, Acevedo-Whitehouse and Duffus 2009). The accumulation of
baseline data on health parameters is an important component of monitoring plans and is
critical to understanding the impacts of stressors stemming from anthropogenic or natural
sources (Newman et al. 1997, Deem et al. 2001). I collected baseline data on the health of
53 Brown Pelican (Pelecanus occidentalis) nestlings of similar developmental stage
(approximately 17 – 30 days post-hatch) from three colonies (two in South Carolina, one
in Georgia) along the Atlantic coast of the southeastern U.S. Data were compared to
evaluate the effects of biological and local environmental factors (Alanzo-Alvarez et al.
2007). As a high trophic-level consumer with clearly documented sensitivity to
contaminants and environmental change, the Brown Pelican makes an ideal indicator
species of coastal ecosystem health (Anderson et al. 1980, Anderson et al. 1982, Blus
1982). A physical examination and tick count were conducted for each nestling, and body
measurements and blood sample were collected. Sample analyses included hematology,
biochemistry, protein electrophoresis, lipoproteins, vitamins, serology, and genetic sex
determination. Reference ranges are presented (Table 3.2), some of which are novel
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measures for the species, and compared against exiting data for other population of
Brown Pelicans (Table 3.3; Wolf et al. 1985, Zaias et al. 2000).
With few exceptions, hematological and biochemical parameters of Brown
Pelican nestlings generally fell within the range of previously published values for wild
individuals. Health parameters varied by age and colony for some analytes but not by sex.
At the time of sampling, the soft tick Carios capensis were found on nestlings at all
colonies, though infestation levels varied by colony (Table 3.1). Tick infestation can
directly affect health of pelicans by causing anemia, inflammation, and paralysis and
through the transmission of bacterial, viral, and rickettsial diseases (Wall and Shearer
2001, Reeves et al. 2006) and is a concern for wildlife managers. In this study,
differences in health parameters with regard to tick presence were observed in 22% of the
parameters examined. In general, tick-infested nestlings indicated inflammation and
chronic parasitism (Campbell and Dein 1984). This suggests sublethal effects of ticks on
Brown Pelican nestling health that should be explored through additional study to
determine the relationship between parasites, health parameters, and immune function of
Brown Pelicans at varying levels of infestation. I recommend that nestlings should be
included in a long-term monitoring effort of population health as they can be excellent
candidates for determining local effects of environmental change during the breeding
season and health during the nestling stage can affect survival and condition (Hylton et
al. 2006, Nadolski et al. 2006). Combining health evaluations with traditional
demographic, behavioral, and ecotoxicological studies with a multiple-species approach
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will provide a more comprehensive understanding of species ecology and the complex
coastal system.

Chapter Four: Mercury exposure in Brown Pelicans and Black Skimmers
Seabirds can serve as indicators of differential rates of mercury exposure across
regions and marine habitat types (Furness and Camphuysen 1997, Eagles-Smith et al.
2009). In this chapter, I compared mercury concentrations in blood and feathers of 102
Brown Pelicans and 130 Black Skimmers sampled along the southeastern U.S. coasts of
the Gulf of Mexico and Atlantic Ocean, providing the first broad-scale analysis of
mercury contamination for seabirds in the region (Table 4.2). Species differences in
mercury concentrations were apparent within each region, with Black Skimmers
consistently demonstrating higher accumulations of mercury in blood and feather than
Brown Pelicans (Figures 4.2 and 4.3). Mercury concentrations did not vary with capture
date, did not vary or varied weakly with body mass, and varied significantly with age or
not at all (Tables 4.3 and 4.4). At the regional level, blood mercury values for the Atlantic
sample exceeded values for the Gulf of Mexico sample almost three-fold. A complex
array of biogeochemical factors distributes mercury and its ecotoxicological effects
unevenly across species and regions, though consumption of contaminated prey is the
primary method of mercury uptake, resulting in biomagnification of the toxin within food
webs.
Among species with overlapping diets or foraging ranges, including Brown
Pelicans and Black Skimmers, dietary exposure to mercury can vary due to subtle
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differences in foraging ecology and local environmental conditions (Catry et al. 2008,
Eagles-Smith et al. 2009, Young et al. 2010, Hipfner et al. 2011). I therefore combined an
analysis of blood mercury with the analysis of diet-derived stable isotopes of carbon (13C)
and nitrogen (15N) values for 46 Brown Pelicans and 58 Black Skimmers to elucidate the
finer details of diet and compare trophic position within and among species (Hobson
2011). Assessments of mercury and δ15N within and between species revealed
comparable patterns between the Gulf of Mexico and Atlantic coast populations,
suggesting similar, though not identical, trophic structure between regions and
bioaccumulation of mercury with trophic level (Figures 4.6 and 4.7). δ13C values for the
Gulf of Mexico sample were more depleted compared to the Atlantic sample, indicating
different sources of carbon for primary producers in the food webs.
Whether due to deposition rates or cycling within the coastal habitats, mercury
appears to be more available to top-level consumers, particularly Black Skimmers, within
the Atlantic region. Continued assessment of mercury accumulation in the Atlantic
southeast, where rates of mercury deposition are among the highest in the nation (Bradley
and Journey 2012), should incorporate measures of reproductive endpoints, behavior, and
health to assess potential mercury effects. Given the variability of species in sensitivity to
mercury accumulation and effects (Eagles-Smith et al. 2009, Heinz et al. 2009) and the
moderate mercury concentrations measured from the southeastern Atlantic coast, it would
be prudent to examine mercury bioaccumulation in a broader suite of seabirds in the
region that have overlapping diets, such as Royal Terns (Thalasseus maximus), Sandwich
Terns (Thalasseus sandvicensis), and Gull-billed Terns (Gelochelidon nilotica), to further
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elucidate the transfer of mercury through the coastal food web during breeding and nonbreeding seasons.

Summary
Importantly, seabirds can serve as key indicators of environmental change in
coastal habitats and robust populations are crucial to protect through management as part
of a healthy nearshore system. My surveys of intertidal areas clearly demonstrate that
habitat use on seabird nesting islands during the breeding season is not constrained to the
location of the nest site. Management decisions for seabirds therefore need to be guided
by the recognition that seabird nesting islands support a diverse suite of essential
behaviors that occur both within and outside of the colony boundaries including but not
limited to nesting, loafing, and chick-rearing. My assessments of the health and mercury
concentration in Brown Pelicans and Black Skimmers demonstrate that factors including
parasitism, contaminant exposure, diet, and location influence health and condition of
focal nearshore species in ways that are not otherwise apparent. Chapters Three and Four
illustrate the value of monitoring programs for investigating mechanisms underlying
population trends, and highlight that the most suitable candidate species, age class, and
region for study could change depending on the question at hand. Building a knowledge
base through long-term monitoring of nearshore seabirds will help clarify uncertainties
inherent in ecological studies.
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